








Title of Document: INCREASING EFFICIENCY AND 
SUSTAINABILITY OF WASTE-TO-
ENERGY SYSTEMS USING BIOCHAR FOR 
HYDROGEN SULFIDE CONTROL AND 
LIFE CYCLE ASSESSMENT 
  
 Abhinav Choudhury, Ph.D., 2019 
  
Directed By: Associate Professor, Stephanie Lansing, 
Environmental Science and Technology  
 
 
The research aim was to increase energy production efficiency and reduce the 
environmental impacts of waste-to-energy technologies, specifically anaerobic 
digestion (AD) of dairy manure (DM) and combustion of poultry litter (PL). The first 
objective was co-digestion of DM with gummy vitamin waste (GVW) to increase 
methane (CH4) yield. The GVW co-digestion treatments significantly increased CH4 
yield by 126% - 151% compared to DM-only treatment and significantly decreased 
the H2S concentration in the biogas by 66% - 83% compared to DM-only. 
 The second objective was understanding the effect of hydrogen sulfide (H2S) 
scrubber management, operation, and maintenance parameters on H2S removal 
efficiency. Even though the capital and operating costs for the two H2S scrubbing 
systems in this study were low (< $1500/year), they showed ineffective performance 
due to insufficient air injection, substitution of proprietary iron oxide-based H2S 
adsorbents for cheaper alternatives, and the lack of dedicated operators. 
 
 
 The third objective was adsorption of H2S using Fe-impregnated biochar as a 
substitute for activated carbon (AC). Fe-impregnation of biochar led to a 4.3-fold 
increase in the H2S adsorption capacity compared to AC. When compared to 
unimpregnated biochars, Fe-impregnation led to an average 3.2-fold increase in the 
H2S adsorption capacity.  
 The fourth objective was in-situ use of biochar in AD to remove H2S. In-situ 
biochar addition at the highest dose (1.82 g biochar/g manure total solids (TS)) 
resulted in an average H2S removal efficiency of 91.2%. Biochar particle size had no 
significant effect on H2S reduction. In-situ addition of Fe-impregnated biochar 
resulted in an average H2S removal efficiency of 98.5%. 
The fifth objective was a life cycle assessment (LCA) of a PL fluidized bed 
combustion (FBC) system. The LCA assessment showed that heating poultry houses 
using heat obtained from the combustion of PL in the FBC system had 32% lower 
climate change potential (CCP) compared to use of propane for heating poultry 
houses. However, analyzing the FBC system under a net positive electrical output 
scenario resulted in 66% less impact on CCP and a 48 – 98% reduction in 
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Rapidly increasing costs associated with energy from fossil fuels and waste 
disposal methods, such as landfilling, along with increasing concerns about rising 
greenhouse gas emissions has promoted the conversion of wastes into energy as an 
environmentally friendly and economically attractive solution. Energy consumption has 
increased from 5.6 x 103 TWh in the beginning of the 20th century to 1.5 x 105 TWh in 
2017 due to an explosion of the world’s population and industrialization of many 
countries [1]. Energy production from waste biomass sources, such as agricultural waste, 
animal waste, and organic waste materials, have an advantage over fossil fuels due to 
their renewable nature. These energy sources can be replaced annually or over a few 
years instead of millions of years required to regenerate fossil fuels.  
Currently, energy production from biomass is only a small portion of the total 
energy production. In 2018, energy generation in the United States was derived from 
75.5% fossil fuels (oil, natural gas, and coal), 8.4% nuclear energy, 5.3% from biomass 
sources, and 11.7% in renewable energy [2]. Biogas, generally produced from organic 
waste materials, such as sewage sludge, agricultural wastes, industrial wastes, and 
municipal solid wastes, through anaerobic digestion (AD) provides a renewable energy 
source for electricity generation, heat production, or as a renewable natural gas source. 
Solid manure residues, such as poultry litter (PL), can also be subjected to anaerobic 
digestion or direct combustion for heat and electricity production. 
The primary goal of this research was to the increase energy production efficiency 
and understand the environment impacts of waste-to-energy technologies, specifically, 
anaerobic digestion of dairy manure and thermal combustion of poultry litter. The 
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research objectives included: 1) evaluation of a gummy vitamin waste (GVW) product as 
a co-digestion substrate for AD and to quantify its effect on methane (CH4) and hydrogen 
sulfide (H2S) yield, 2) understanding the effect of hydrogen sulfide (H2S) scrubber 
management, operation, and maintenance parameters on H2S removal efficiency, 3) 
utilization of iron (Fe) as an impregnating agent to modify the surface of a biochar to 
increase its H2S adsorption efficiency, 4) understanding the effect of in-situ biochar 
addition into AD systems on CH4 and H2S production, and 5) evaluation of 
environmental impacts associated with the combustion of poultry litter using data from a 
pilot scale fluidized bed combustion (FBC) system. 
1.2 Co-digestion of substrates with dairy manure: 
Anaerobic digestion of organic wastes produces biogas comprised of mainly CH4 
and carbon dioxide (CO2), with traces amounts of other gases, such as H2S. Co-digestion 
of organic substrates with dairy manure can increase CH4 content in biogas, while also 
increasing total biogas production [3]. Limitations from mono-digestion of organic 
materials arise from substrate properties, such as unbalanced C:N ratios, recalcitrance in 
the feedstock, high concentrations of long chain fatty acids, and deficiency in trace 
minerals required for the growth of methanogens [4,5]. These limitations can lead to 
unfavorable economics for dairy farmers using AD to generate energy on-farm [5,6]. 
Lisboa and Lansing (2013) reported increases in CH4 production ranging from 67% to 
2940% when co-digesting ice cream waste or chicken processing waste with dairy 
manure [7]. Even with minimal addition of organic co-digestion substrates, large 
increases in biogas production may be obtained due to the high density of digestible 
volatile solids (VS) in the substrate. Moody et al. (2011) determined the biochemical 
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methane potential (BMP) of a wide range of food waste substrates and concluded that co-
digestion of manure and organic waste has the potential to increase biogas production, 
and in turn increase energy generation, from AD [8]. However, often the studies only 
concentrate on individual substrates due to differences in organic waste composition and 
collections.  
Several authors have conducted research and published review articles on co-
digestion of food waste and dairy manure [9–11]. Zhang et al. (2014) reported that food 
waste by itself prevented efficient long-term operation due to inhibition from nutrient 
imbalance with undesirable C:N ratios, excessive macronutrients, and insufficient trace 
nutrients [9]. The authors reported that co-digestion of food wastes with organic 
substrates, such as sewage sludge and dairy manure, can be implemented to overcome 
inhibitory effects. Xu et al. (2018) suggested that co-digestion should be integrated into 
currently existing DM or sewage sludge AD facilities due to the high capital and labor 
costs associated with the construction of new AD systems [11]. This can also result in 
significant increases in heat and electricity outputs, with minimal additions to digester 
volume and costs. The authors also suggested the need for additional research into co-
digestion for continued understanding and improvement of the process.  
Waste produced from gummy vitamin factories have a gel-like consistency that 
can be hard to dispose of without preprocessing operations. In addition, because of their 
sticky nature, they can create handling problems through clogging of pipelines and 
preprocessing equipment. Anaerobic digestion of gummy waste may be an attractive 




1.3 Hydrogen sulfide and its removal from biogas: 
Hydrogen sulfide is a product of anaerobic digestion of complex organic 
substrates due to the presence of sulfate reducing bacteria (SRB), that convert sulfate 
species into sulfide under reducing conditions. The presence of sulfides can be 
inhibitory/toxic to both CH4 producing bacteria or methanogens as well as SRBs [12]. 
Sulfate reducing bacteria primarily use propionate and hydrogen as their electron donors, 
with acetate being a minor electron donor [13]. The reduction of sulfate to sulfide using 
hydrogen (ΔG = -154 kJ) or acetate (ΔG = -43 kJ) as the electron donor is more 
thermodynamically favorable than the reduction of CO2 (ΔG = - 135 kJ) or acetic acid 
(ΔG = -28.5 kJ) into CH4. As a result, sulfidogenesis may reduce the rate of 
methanogenesis in AD.  
Hydrogen sulfide is a toxic gas that can result in range of adverse health effects. 
OSHA mandates that the acceptable H2S concentrations cannot exceed 20 ppm in the 
industry due to its toxicity to humans. Concentrations exceeding 500 ppm in a closed 
environment can lead to death within 30-60 minutes. In addition, H2S acts as a corrosive 
agent and can damage equipment (pipelines, compressors, engine generator sets and gas 
storage tanks) and is a toxic poison for fuel cells and catalysts, adversely affecting their 
performance [14]. Furthermore, H2S can react with water vapor present in the biogas 
producing sulfuric acid, promoting corrosion. Combustion of H2S leads to sulfur dioxide 
emissions, which has harmful environmental effects. Due to these problems, it is 
important to scrub the biogas before electricity generation or other purposes, such as 
direct use in a boiler.  
H2S scrubbing systems on the market include:  
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1. Biological scrubbers using sulfur-oxidizing bacteria to oxidize H2S to elemental 
sulfur and sulfates,  
2. Chemical absorption and oxidation using oxides of iron,  
3. Microaeration or injection of air (or oxygen) into the digester headspace/separate 
vessel for biological conversion of H2S via the same mechanism as in biological 
scrubbers, 
4. Activated carbon filtration through physical and chemical adsorption.  
1.3.1 Biological Scrubbers:  
Biological conversion of H2S occurs only in an aerated environment, so small 
concentrations of air or oxygen have to be injected into a biological scrubber. These 
systems have sulfur oxidizing bacteria, such as Thiobacillus spp, that use sulfur as their 
primary energy source, but they also require other nutrients (diluted manure effluent or 
proprietary nutrient media), neutral pH, and temperatures in the 15-30°C range to reduce 
H2S [15]. The microorganisms colonize the packing media inside the scrubber by 
forming biofilms. The media provides the surface for microbial attachment. Up to 100% 
H2S removal efficiency can be obtained through biological scrubbing and some sulfur 
oxidation bacteria strains can function efficiently at very low pH ranges [14]. Schieder et 
al. (2003) was able to treat biogas with up to 5000 ppm of H2S using BIO-Sulfex biofilter 
modules at flow rates of 10 – 350 m3/hr at 90% removal efficiency [16]. Some of the 
advantages of this system are that the packing medium is usually inexpensive and may 
even contain sufficient nutrients to support microbial growth. In addition to H2S, 
biological scrubbers have also been used to remove ammonia from biogas [14].  
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However, one of the major problems encountered in such systems is the 
acidification of the packing media due to sulfuric acid formation that can lead to disposal 
issues. It may also lead to lower H2S removal efficiencies due to elemental sulfur 
deposition on the media. Special measures to enhance the buffering capacity of the media 
by adding alkaline compounds or using a carrier medium that has alkaline properties, 
and/or washing periodically the packing media with water have to be taken to prevent the 
pH drop [17]. Another problem with biological scrubbers is the clogging of the packing 
media, resulting in pressure drops. Regular maintenance and expertise are required to 
keep all these parameters in check, which increases the maintenance costs of these 
systems. 
1.3.2 Iron Oxide Scrubbers:  
Iron oxides and hydroxides react with H2S forming insoluble iron sulfides. Iron 
oxide pellets or wood chips impregnated with iron oxide are used to provide the reaction 
surface for H2S absorption. The wood chip media is packed into the scrubbing unit and 
the biogas is passed through it for desulfurization. The iron oxide in the media reacts with 
the H2S and is converted into iron sulfide. Extending the life of the wood chip media after 
saturation is possible by aeration, which forms elemental sulfur and regenerated iron 
oxide [18]. However, the regeneration process is highly exothermic, which is a safety 
issue. The iron oxide scrubbing system is simple and can be up to 100% efficient [19]. 
Proprietary iron oxide scrubbing systems like SOXSIA® can remove up to 2000 ppm of 
H2S at 40 
0C and flow rates of 1000 Nm3/hr [20]. The disadvantages of the process are 
that it is requires the constant addition of fresh media, has high operating costs, and 
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generates hazardous waste. It can also be difficult to automate the regeneration phase due 
to the exothermic heat of reaction generated during the regeneration process [20].  
The primary drawback of the iron oxide media, which has led to a reduction in its 
usage in recent years, is the disposal of spent iron sponge. It is difficult to dispose of 
safely and in some cases, the spent media is a hazardous waste, which requires special 
disposal procedures. Additionally, the regenerative reaction is exothermic and has 
resulted in self–ignition of the wood chips when the operating parameters are not 
carefully controlled [20]. Due to buildup of elemental sulfur and loss of hydration water, 
iron sponge activity is reduced by 1/3 after each regeneration. Therefore, regeneration is 
only practical once or twice before new iron sponge is needed. 
1.3.3 Microaeration:  
The simplest method of desulfurization of biogas is the controlled addition of 
oxygen or air directly into the digester headspace or in a separate vessel through which 
the biogas passes to create a microaerobic environment. The bacteria grow on the gas-
liquid interface and the walls of the headspace inside the digester. In case of a separate 
vessel, it is partially filled with the digester effluent, which acts as the microaerophilic 
surface and the nutrient source for the microorganisms [21]. Based on the temperature, 
residence time and the percentage of injected air, full scale digesters have claimed 80 – 
99% H2S reduction, down to 20 – 100 ppm H2S [15]. The oxygen content in the biogas 
post-treatment usually varies from 0.5 – 1.8 % on a volumetric basis. This is the least 
expensive and most easily maintained form of scrubbing for on-farm use to prevent 
corrosion and odor problems.  
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The major drawback of desulfurization inside the digester is the necessity to 
supply oxygen (or air) to the AD system, resulting in a dilute biogas stream. This is 
especially challenging when biogas has a lower concentration of methane (~ 50-55 % or 
lower) when a dilution of the biogas could create problems for the engine generators [22]. 
There is the possibility of injecting pure O2 into the digester to minimize or avoid the 
dilution with N2. However, pure O2 supply can lead to higher operational costs. 
Moreover, overdosing of air could be a safety issue, as oxygen in biogas can result in an 
explosive mixture in the range of 6% to 12% O2, at 60% CH4 [20]. 
1.3.4 Activated Carbon Adsorption:  
The attachment of one or more components of a liquid or gas (sorbate) on a solid 
with a high-surface area (sorbent) is known as adsorption. This phenomenon can be used 
to remove pollutants from a liquid or a gas stream that have an affinity towards the 
sorbent. Activated carbon (AC) is one of the typical solid surfaces used for the adsorption 
process. Commercial adsorbents have surface areas ranging from 100 – 1,200 m2/g, 
resulting in high adsorption capacities in relation to the weight of the sorbent [23].  
There are two types of adsorption processes:  
a) physical adsorption, where the sorbate molecules attach to the pores of the 
sorbent through forces with weak bonding energies, such as van der Walls forces, and 
b) chemical adsorption, where stronger chemical bonding forces with higher 
bonding energies lead to much stronger attachment.  
Activated carbon is the most commonly used adsorbent for H2S removal in 
biogas. In addition to the physical adsorption, activated carbon provides a catalytic 
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surface for oxidation to elemental sulfur and sulfate, which significantly enhances the 
removal capacity of H2S [19]. In presence of oxygen, the following reaction takes place:  
2H2S + O2  ¼ S8 + 2H2O       (1.1) 
In large biogas plants in Sweden, H2S is commonly removed before CO2 removal 
using activated carbon [24]. The ideal conditions for the reaction are pressures of 7 to 8 
bar and temperatures of 50 to 70 °C, with addition of air that constitutes 4 – 6 % of the 
biogas [25]. In the absence of O2, impregnation of oxidizing chemicals such as KI and 
KMnO4 can promote partial oxidation of the H2S into elemental sulfur or sulfates. 
Impregnation of other alkaline chemicals such as sodium hydroxide, sodium carbonate, 
potassium hydroxide, sodium bicarbonate, and metal oxides are the most common 
coatings employed [26]. A major drawback of activated carbon adsorption is the 
production of a sulfur saturated activated carbon product that requires appropriate 
disposal methods that can be expensive.  
Even though several H2S scrubbing technologies exist, there is a lack of field-
scale data on long-term H2S removal efficiency, and the costs associated with owning and 
operating a scrubbing system, especially on rural dairy farms in the United States. 
Furthermore, there are no observations or data available on how management of the 
scrubber systems affect its efficiency. Due to all the uncertainties associated with H2S 
scrubbers, more research is required to ascertain if there is a ‘best’ solution for AD 
practitioners. 
1.4 Biochar as a substitute H2S adsorbent:  
Biochar is produced by the thermal degradation of biomass under an oxygen-
starved environment (pyrolysis) or in a low oxygen environment (gasification) at 
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temperatures less than 700 0C [27]. Biochar is a carbonaceous solid with energy density 
(18 MJ/kg) similar to pulverized coal [28]. Differences in biochar and activated carbon 
arise from their preparation method, the raw material, and the resulting physiochemical 
properties of the products. Biochar can be regarded as a precursor to activated carbon, 
which requires a further activation step using either steam or chemicals, such as sodium 
hydroxide at high temperatures. This process is intended to increase the surface area for 
use in industrial processes such as filtration/adsorption [29]. Activated carbon is made 
from char precursors, which are analogous to biochars – hence, the literature on activated 
carbon is relevant to the study of biochar. Activated carbon has been used as adsorbent 
for H2S in biogas after dosage of iron salts into the digester for enhanced desulfurization 
[20]. Biochar could be a cheaper scrubbing solution, as there are a variety of raw waste 
materials that could be used, and the production of biochar below 700 0C is more energy-
efficient and less cost-intensive than activated carbon production.  
The proposed mechanism of H2S removal using activated carbon involves [30,31]: 
1. H2S adsorption on the activated carbon surface,  
2. H2S dissolution in a water film,  
3. Dissociation of H2S in an adsorbed state in the water film,  
4. Surface reaction of adsorbed O2 with the formation of elemental sulfur or sulfur 
dioxide,  
5. Further oxidation of SO2 to H2SO4 in the presence of water.  
A few recent studies have investigated H2S removal from biogas using biochar [32–
35]. Surface properties of the biochar are an important parameter to determine the 
effectiveness of the biochar in the removal of H2S. A study conducted by Suliman et al. 
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(2016) showed that higher pyrolysis temperatures create a gradual increase in the surface 
area due to the formation of micropores on the biochar surface [36]. In the 
aforementioned studies, several analytical techniques were used to characterize the 
biochar. For example, SEM-EDS was used to characterize the surface of the biochar. N2 
adsorption isotherms were used to estimate the surface area of the biochar. Fourier 
Transform Infrared Spectroscopy (FTIR) was used for a qualitative analysis of the 
functional groups on the biochar surface. Zeta potential was used as a measure of the 
surface charge on the biochar in a solution. Suliman et al. (2016) used these procedures to 
characterize the biochar prepared from Douglas fir wood, Douglas fir bark, and hybrid 
poplar wood at six temperatures (623, 673, 723, 773, 823 and 873 K) in a lab scale 
reactor, and evaluated the significance of each characterization method [36]. 
Shang et al. (2013) prepared biochar from camphor, bamboo, and rice hull and 
compared them to activated carbon for H2S removal from biogas [32]. They hypothesized 
that the biochar pH was the key factor in H2S adsorption. From the breakthrough curves 
obtained from the experiments, the results showed a trend of higher adsorption of H2S on 
the biochar surface as the pH of the biochar increased. The authors also stated that FTIR 
spectra provided evidence of basic functional groups on the biochar surface that may 
have aided in H2S removal. However, their results were based on 50 µL H2S/L of biogas 
or an H2S concentration of 50 ppm. In most full-scale digesters, the concentration of H2S 
can vary from 1,000 ppm – 10,000 ppm.  
There is not a consensus in the literature on the mechanism of H2S removal using 
biochar. Xu et al. (2014) proposed that the mechanism was similar to the one proposed by 
Adib et al. (1999, 2000) for AC, which stated that that the first step of adsorption of H2S 
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molecules on the biochar surface was an important factor for the process to be efficient 
[30,31,35]. They also suggested that features of activated carbon surfaces, such as local 
environment of acidic/basic groups along with the presence of alkali metals, are 
important to the oxidation process of H2S. Activated carbon that have a majority of acid 
groups and low amount of alkaline metals will not favor H2S dissociation, thereby 
limiting treatment. While basic groups that result in a higher local pH and a high 
concentration of alkaline metals should favor the dissociation of H2S, thereby leading to a 
more efficient oxidation process.  
However, Shang et al. (2013) disputed this mechanism and suggested that 
mechanism of H2S removal by biochar likely differs from that of the activated carbon 
[32]. In their experiment, they compared H2S removal from biochar and activated carbon 
and observed a significant decrease in the adsorption capacity of the activated carbon 
compared to the biochar. They attributed this decrease in the adsorption capacity of AC 
to exhaustion caused by the formation of sulfuric acid after oxidation based on the 
mechanism of H2S adsorption on activated carbon as described above [30,31]. Lehmann 
et al. (2011) determined SO4
2− was formed on the biochar surface while elemental sulfur 
was found to be present in the pores of biochar using SEM-EDS [29]. Shang et al. (2013), 
however, stated that they observed a small decrease in the biochar pH, which regained its 
basic pH after exhaustion [32]. They hypothesized that the caustics present in the biochar 
catalyzed the conversion of sulfide to elemental sulfur, instead of sulfuric acid, allowing 
the biochar to regain a basic pH after exhaustion. In addition, the AC had a much larger 
surface area compared to biochar but had the lowest removal efficiency. Feng et al. 
(2005) had shown that raw AC fibers with higher surface area showed greater adsorption 
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and retention of sulfur when the adsorption was attributed to a physical process [37]. 
Mochizuki et al. (2016) also confirmed this observation when their experiment was 
conducted under dry conditions [38]. A wet surface allows dissolution of the H2S, which 
leads to chemical adsorption due to the presence of basic functional groups and alkali 
metals and higher efficiencies. Therefore, it is likely that H2S adsorption on biochar is 
highly dependent on the chemical nature of the surface, especially under humid 
conditions.  
Bamdad et al. (2018) stated that since biochar has a heterogeneous surface with 
many different functional groups, it is complicated to predict a suitable mechanism for 
the adsorption of acidic gases on the biochar surface [39]. However, it is mentioned that 
the adsorption of CO2 is mainly controlled by physical adsorption in contrast to the 
chemisorption of H2S on the biochar surface due to the decrease in the amount of CO2 
adsorbed when the temperature was increased, while the opposite was true for H2S 
adsorption. In conclusion, they stated that the original mechanism proposed by Adib et al. 
(1999) for AC is likely the same for adsorption of acidic gases on biochar, with 
differences created by the presence of alkali metals and basic functional groups in 
biochar. They also stated that further studies are required in order to better understand 
differences in the mechanism for biochar. 
1.5 Biochar as a digester additive for H2S removal: 
Recent studies have investigated the direct addition of biochar into an AD system 
[28,40–42]. These studies focused on increasing CH4 content upon addition of the 
biochar but did not study the effect of biochar addition on reducing H2S production. 
According to Shen et al. (2015), by adding biochar made from corn stover directly to the 
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AD system, up to 86% of the CO2 was sequestered, creating a biogas stream that was 
more than 90% CH4 and less than 5 parts per billion H2S, thus reducing the need for 
upgrading steps [42]. However, the research was focused on digestion of wastewater and 
not dairy manure. The experiments were conducted at thermophilic conditions with a low 
concentration of H2S that is usually not associated with biogas in dairy manure digesters. 
The authors also stated that the likely mechanisms for H2S reduction was adsorption to 
the high concentrations of potassium, calcium, and magnesium in the biochar along with 
a high starting pH of the reactor, which aided in CO2 and H2S absorption in the liquid 
phase. Shen et al. (2016) conducted similar experiments using biochar prepared from 
woody substrates, namely pinewood and white oak [28]. The authors added large 
amounts of biochar (up to 4.8 g biochar/g substrate TS) into their experimental units, 
which had 1.3% TS. In dairy manure digesters, the TS concentration can vary from 1% to 
10%, which would result in large quantities of biochar addition to digesters. A lower 
biochar concentration that adequately desulfurizes biogas, while also providing a measure 
of CO2 sequestration may be ideal for dairy manure digesters. 
Biochar is a recalcitrant material with surface areas comparable to AC and a 
negative surface charge [43]. As a result, it is more capable of removing positively 
charged pollutants such as cadmium, copper, lead, zinc and polar organic compounds via 
ion exchange, electrostatic attraction, physical and chemical adsorption and precipitation, 
but not as effective at removing anionic pollutants [44]. Based on a review of previous 
research on anionic pollutants by Sizmur et al. (2017), it is likely that removal of 
dissolved H2S follows a similar mechanism [43]. The first pKa of H2S is 7 and hence at 
neutral pH, the concentration of H2S and HS
- is roughly equal. As the HS- ions get 
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adsorbed on the biochar surface, a reduction in the concentration of the dissolved H2S is 
likely. Therefore, it is expected that the H2S in the biogas will decrease for it to be in 
equilibrium with the dissolved H2S. Thus, if the biochar is modified to remove anionic 
pollutants, it may be possible to see a further increase its H2S removal capacity the when 
compared to an unmodified biochar.  
Surface area and selectivity for cations and anions can be changed by the 
activation (chemical or physical) or surface modification of biochar, which can result in 
enhanced sorption for different pollutants. Usually, surface modification techniques are 
used to increase the anion sorption capacity [43]. The high surface area of biochar can be 
used to embed a metal oxide with a positive charge and chemical properties that can aid 
in H2S sorption. These biochar-based composites have been shown to remove negatively 
charged anions from aqueous solutions [43,45]. The composites can be prepared by 
soaking the biochar or their feedstocks in solutions of metal nitrates or chlorides for a 
duration of 12-24 hours. After the soaking process is completed, the biochar is 
heated/dried at temperatures ranging from 50 0C to 300 0C to convert the metal ions to 
metal oxides. 
Agrafioti et al. (2014) prepared metal oxide impregnated biochar by soaking rice 
husk and municipal waste in calcium oxide, iron powder and iron (III) chloride prior to 
pyrolysis [46]. These modifications increased the arsenic (V) sorption capacity of the 
biochar from an aqueous solution. These results were supported by Fristak et al. (2017) 
where a 20-fold increase in the sorption of arsenic (V) was observed when corncob 
biochar impregnated with ferric nitrate after pyrolysis was used as an adsorbent [47]. In 
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addition, the modification was shown to have a negligible effect on sorption of the heavy 
metal cation, europium. 
It has been reported that metal oxide modifications result in a reduction in the 
surface area of the biochar due to clogging of pores with metal oxide precipitates [48]. 
Micháleková-Richveisová et al. (2017) prepared modified biochars from garden wood 
waste, wood chips and corncob using the method followed by Fristak et al. (2017), and it 
resulted in a decrease in the surface area of the biochar due to the filling of micro and 
mesopores with iron [47,49]. However, the results showed even with a lower surface 
area, PO4
3- sorption capacity increased by factors of 12 to 50 due to the phosphate ions 
binding to positively charged functional groups on the biochar surface. 
The sorption of anions, such as PO4
3- and arsenic (V), on the surface of modified 
biochar is attributed to chemical adsorption or electrostatic attraction to the positively 
charged metal oxide embedded on the surface. On the other hand, sorption of cations is 
due to chemical adsorption on oxygenated functional groups around the unmodified areas 
of the biochar, or precipitation within the metal oxide lattice [43,44]. Usually, metal 
oxide impregnated biochar has been shown to have a high adsorption capacity for both 
anionic and cationic pollutants compared to unmodified biochar [50]. 
Biochar can also reduce nitrogen volatilization through adsorption of nitrates, 
ammonium, in addition to PO4
3- sorption [43,45]. High surface area and the porous 
microstructure of biochar can be used as slow release fertilizers of N and P. The presence 
of acidic functional groups, such as phenolic and carboxylic groups, on the biochar 
surface probably promotes ammonium adsorption while electrostatic interactions are 
responsible for nitrate adsorption [51]. Biochar prepared from pinewood has also been 
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utilized to treat fluoride-contaminated ground water. The prepared had a low surface area 
(1 – 3 m2/g), but it was able to remove similar amounts or more fluoride than activated 
carbon (1000 m2/g) [52].  
It is likely that the mechanism of H2S removal will be similar to other anionic 
pollutants, as seen in the aforementioned previous studies. Adding biochar directly into a 
digester may also aid in N and P removal in addition to the benefits of reduced H2S 
concentration in the biogas. This can provide additional incentive to add biochar directly 
into a digester instead of using it for H2S removal in a gas adsorption column.  
1.6 Life Cycle Assessment (LCA) of poultry litter fluidized bed combustion: 
Life cycle assessment (LCA) is an evaluation of environmental impacts through a 
systematic, inclusive, and analytical approach for any product or service [53]. An LCA 
quantifies the inputs and outputs of a system, product, service or a process, as defined by 
a system boundary, and evaluates the environmental impacts for each input and output 
[54]. LCA is most commonly used in comparing the environmental impact of a product 
or service with a comparable alternative in order to determine which product has a lower 
environmental impact [53]. LCA can also be used to estimate the environmental impact 
of a product at each stage of its life (cradle to grave) in order to possibly minimize the 
environmental impacts of the stages that have the highest negative impacts.  
The LCA process is divided into four main components [54]:  
1. Determination of the assessment scope and boundaries: a clear statement of the 
intended goal and scope of the analysis, including system boundaries definition, selection 
of different operations or stages in the process that are to be included in the study. 
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2. Selection of inventory of outputs and inputs: quantification of all inputs and 
outputs of the system including energy and raw materials consumed or produced, air and 
water emissions, and waste and any other releases in the entire life cycle of a product. 
Inventory analysis originates from the raw material extraction to the final disposal stage 
of a product. 
3. Assessment of environmental impact data compiled in the inventory: 
quantification of the effects that the inputs and outputs listed in the inventory analysis 
have on the environment, human health, and depletion of natural resources. Some effects, 
such as noise pollution, that are difficult to quantify can also be part of the impact 
analysis. 
4) Interpretation of results and suggestions for improvement: evaluation of the 
focus areas within the system that could be improved to minimize the system’s or 
process’ negative environmental impacts. This analysis can include both qualitative and 
quantitative suggestions for improvement.  
The Eastern Shore of Maryland is known for intensive poultry production in the 
United States. The Delmarva Poultry industry estimated a total of 605 million broiler 
chickens in 2018, that can generate an estimated 1.1 million tons of litter, bedding, and 
feathers [55]. It is estimated that 750,000 tons of poultry litter have been remediated or 
managed alternatively based on the new proposed nutrient management strategies for 
Maryland from 2000 - 2010 [56].  
Combustion significantly reduces the nitrogen, carbon, and moisture contents of a 
substrate, which makes the final product easier to transport to the fields for fertilization. 
The concentrated ash form has been shown to be an advantageous soil amendment with 
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positive effects on plant growth compared to standard fertilizer [57]. Direct spreading of 
poultry litter on agricultural farms in Maryland has resulted in phosphorus-enriched soils 
leading to an imbalance of nutrients in the soil. In addition, the leaching of N and P from 
these soils promotes eutrophication of the Chesapeake Bay. 
Even though studies have investigated the viability of combusting poultry litter, 
optimization is required prior to widespread commercialization. Belgiorno et al. (2003) 
stated that energy generation and ash production made gasification the most economical 
disposal solution for poultry litter [58]. Marculescu and Stan (2011) concluded that 
energy recovery from poultry litter was difficult due to relatively high water content (up 
to 70%, usually 40-50% in MD) when compared to wood chips [59]. Thermal 
degradation with pyrolysis and gasification was stated to be a more viable solution. 
Joseph et al. (2012) also stated that gasification was a viable method of chicken litter 
disposal and some energy recovery was possible from the process [60]. However, their 
gasification unit had a low energy efficiency (19.6%), which they stated could be 
improved by changing the operational parameters. Even though these technologies have 
been shown to be effective in generating renewable energy and an alternative means of 
poultry litter disposal in land areas with restricted manure application, it is important to 
assess their environmental impacts in order to quantify their benefits in comparison to 
conventional energy from fossil fuel sources. 
1.7 Objectives: 
1. Co-digestion of gummy vitamin waste with dairy manure: Evaluate the effect of a 




2. Market available scrubbing solutions and their efficiencies: Quantify the efficacy and 
economics of two market available H2S scrubbers, based on real data gathered from 
two portable gas analyzer systems, from two different scrubbing systems operating on 
farms in the Northeast US. 
3. Biochar as a substitute adsorbent for activated carbon: Determine the effect of iron 
impregnation on the performance of corn stover biochar and maple wood biochar for 
H2S adsorption from biogas compared to activated carbon 
4. Biochar for in-situ removal of H2S in biogas: Determine the effect of biochar as an 
additive to anaerobic digestion of dairy manure on H2S production. 
5. Life Cycle Assessment (LCA) of poultry litter fluidized bed combustion: Conduct a 
life cycle assessment of a poultry litter combustion under improved operational 
conditions and using actual operating data obtained from a full-scale fluidized bed 




2 Methane and hydrogen sulfide production from co-digestion of 
gummy waste with a food waste, grease waste, and dairy manure 
mixture 
ABSTRACT 
Co-digestion of dairy manure with waste organic substrates has been shown to 
increase the methane (CH4) yield of farm-scale anaerobic digestion (AD). A gummy 
vitamin waste (GVW) product was evaluated as an AD co-digestion substrate using batch 
AD testing. The GVW product was added at four levels (0, 5, 9, and 23%, on a wet mass 
basis) to a co-digestion substrate mixture of dairy manure (DM), food-waste (FW), and 
grease-waste (GW) and compared to mono-digestion of the GVW, DM, FW, and GW 
substrates. All GVW co-digestion treatments significantly increased CH4 yield by 126% - 
151% (336 – 374 mL CH4/g volatile solids (VS)) compared to DM-only treatment (149 
mL CH4/g VS). The GVW co-digestion treatments also significantly decreased the 
hydrogen sulfide (H2S) content in the biogas by 66% - 83% (35.1 – 71.9 mL H2S/g VS) 
compared to DM-only (212 mL H2S/g VS) due to the low sulfur (S) content in GVW 
waste. The study showed that GVW is a potentially valuable co-digestion substrate for 
dairy manure. The high density of VS, and low moisture and S content of GVW resulted 
in higher CH4 yields and lower H2S concentrations, which could be economically 
beneficial for dairy farmers. 
 
2.1 Introduction: 
Anaerobic digestion (AD) of organic substrates with dairy manure, also known as 
co-digestion, can increase biogas production and result in higher return on investment for 
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dairy farmers [5]. Biogas produced from AD is a combination of 50 – 75 % methane 
(CH4) and 25 – 50% carbon dioxide (CO2), with trace levels (0.01% - 1%) of hydrogen 
sulfide (H2S) that can be used as a source of renewable energy for heat and power 
generation [61]. Limitations from mono-digestion of organic materials arise from 
substrate properties, such as unbalanced C:N ratios, recalcitrance in the feedstock, high 
concentrations of long chain fatty acids, and deficiency in trace minerals required for the 
growth of methanogens [4,5]. These limitations can lead to unfavorable economics for 
dairy farmers using AD to generate energy on-farm [5,6]. Furthermore, positive synergy 
from co-digestion of a mixture of substrates can lead to more CH4 production than the 
addition of CH4 produced from mono-digestion of each individual substrate. A review by 
Mata-Alvarez et al. (2014) reported that co-digestion of carbon (C) rich organic matter 
with cattle and poultry manure resulted in up to 3.5 times more CH4 production than the 
CH4 potential of the individual substrates [4]. Lisboa and Lansing (2013) reported a 
maximum of 29.4 times more CH4 yield when dairy manure was co-digested with 
chicken processing waste compared to mono-digestion of dairy manure [7]. Moody et al. 
(2011) determined the biomethane potential of a wide range of food waste substrates and 
concluded that co-digestion of manure and organic waste has the potential to increase 
biogas production, and in turn, increase energy generation from AD [62]. However, often 
studies are often only applied to individual substrates due to differences in organic waste 
composition and collection. 
Previous research on co-digestion of food waste and dairy manure has primarily 
focused on the CH4 production potential of co-substrates [9–11], with limited data on the 
effects of co-digestion substrate selection on the production of H2S [63]. The production 
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H2S in biogas occurs when sulfur-containing compounds, such as sulfates, sulfites, and 
thiosulfate, in AD substrates are reduced by sulfate reducing bacteria (SRB) under 
anaerobic conditions [64]. High H2S concentrations in biogas (0.05% - 1% by vol.) can 
become a major problem when utilizing the biogas due to health concerns and corrosion 
of biogas equipment [65]. Combined heat and power (CHP) systems usually require H2S 
concentrations to not exceed 500 ppm to prevent reduced performance from corrosion, 
and H2S concentrations over 100 ppm can cause severe adverse human health impacts 
[63]. Most dairy farms use CHP systems to generate energy for on-farm use and lower 
H2S concentrations can lead to improved energy generation efficiencies and reduced 
maintenance. Corro et al. (2013) observed a reduction in H2S concentrations when coffee 
waste was co-digested with dairy manure compared to digestion of dairy manure only, 
but there was no discussion of the cause for the observed H2S differences [66]. Research 
has shown that co-digestion of organic matter with higher C:N ratios in manure-based 
digesters can reduce ammonia inhibition and enhance methane production [4]. Co-
digestion of carbon rich organic matter with a low sulfur (S) content may also reduce the 
H2S concentration in the biogas when compared to the mono-digestion of dairy manure 
and prevent sulfide inhibition.  
Industrial food waste comprises 5% of the total food waste generated globally 
[67]. Although the fraction of industrial food waste is significantly less than food waste 
from other sources, it has logistical and economic advantages due to its high-volume 
generation at specific points and homogenous nature. Valorization of these industrial 
food waste streams can help mitigate disposal costs in landfills, while providing a source 
of tipping fees for dairy farmers with AD systems. The waste produced from gummy 
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vitamin industries is high in degradable C compared to dairy manure. Gummy vitamin 
waste (GVW) material can contain up to 70% sugar and gelatin, with starch or pectin-
based gels that create the unique structure that is characteristic of gummy candies [68]. 
Due to its high sugar content, GVW can be a valuable resource for AD, yet the dense 
jelly-like consistency may lead to issues, such as a slow degradation rate, increased 
hydraulic retention time, or possible pipe clogging within the AD system. It is also 
possible that GVW with a high C:S ratio could reduce the H2S concentration in the 
biogas when co-digested with dairy manure.  
The main goal of the project was to evaluate a GVW product as a co-digestion 
substrate for AD. The specific objective was to evaluate the CH4 and H2S production and 
VS degradation of a GVW substrate when co-digested with a dairy manure (DM), food 
waste (FW) and grease waste (GW) mixtures (DM.FW.GW). A co-digestion mixture was 
used for testing, as many on-farm digesters incorporate multiple waste streams and to 
highlight the benefits of testing co-substrates as both mixtures and single substrates. Co-
digestion of the tested mixtures was expected to produce a significantly higher amount of 
CH4 and lower H2S compared to the mono-digestion of DM. 
2.2 Materials and Methods: 
2.2.1 Sample Collection: 
Anaerobic digester effluent (inoculum source) and the GVW product were 
collected from a Northeastern US farm. The farm co-digested dairy manure from heifers 
with gummy vitamin waste, food waste and grease waste (GW) at a 64% DM, 9% GVW, 
16% FW, and 11% GW ratio, by mass. The AD effluent sample was utilized as an 
inoculum source, as it had been pre-acclimated to the GVW material used at the farm. 
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The GW and FW were collected from a local supermarket. Un-separated dairy manure 
from the USDA Beltsville Agricultural Research Center (BARC) in Beltsville, MD was 
utilized as the DM substrate. Field samples were collected and brought back to lab on ice. 
The mean total solids (TS) and volatile solids (VS) data for the substrates used in the 
experiment are shown in Table 2.1. 
 
Table 2.1 Total and volatile solids content of the individual substrates (gummy vitamin 














464 ± 2.0 91.0 ± 1.0 673 ± 4.5 94.5 ± 3.6 64.8 ± 0.9 
Volatile Solids 
(g/kg) 
463 ± 2.1 83.1 ± 1.1 645 ± 1.5 81.7 ± 3.6 47.5 ± 0.8 
 
2.2.2 Experimental Design:  
The GVW product was added to individual batch digesters at four inclusion levels (0, 5, 
9, and 23%, on a wet mass basis) to a co-digestion substrate mixture of dairy manure 
(DM), food-waste (FW), and grease-waste (GW) and compared to mono-digestion of the 
GVW, DM, FW, and GW substrates, with an inoculum control. The 9% GVW treatment 
(64% DM, 16% FW, 11% GW, by mass) represented the mixture that was used at the 
farm during the time of AD effluent collection. An inoculum to substrate ratio (ISR) of 
1:1 (VS basis) was used for the experiment. Table 2.2 shows the experimental design and 
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the descriptions of the treatment levels for the experiment, with each treatment conducted 
using triplicate AD reactors. All mass data are expressed on a wet mass basis. 
 
Table 2.2 Experimental design using a 1:1 inoculum to substrate ratio, with the 
calculated initial total solids (TS) and volatile solids (VS) of the treatment mixtures. The 


















Inoculum Control 31.9 - - - - 64.1 47.0 
Dairy Manure (DM) 31.9 18.3 - - - 71.7 59.5 
Food waste (FW) 31.9 - 18.1 - - 74.2 60.0 
Grease waste (GW) 31.9 - - 2.3 - 105 87.6 
Gummy vitamin 
waste (GVW) 
31.9 - - - 3.2 101 85.5 
DM.FW.GW (0% 
GVW) 
23.9 5.2 1.4 0.9 - 86.3 71.5 
GVW.DM.FW.GW 
(5% GVW) 
28.1 5.2 1.4 0.9 0.4 88.2 73.5 
GVW.DM.FW.GW 
(9% GVW) 
31.9 5.2 1.4 0.9 0.8 89.5 74.5 
GVW.DM.FW.GW 
(23% GVW) 
47.9 5.2 1.4 0.9 2.4 93.1 78.0 
 
2.2.3 Biochemical Methane Potential (BMP) Test Procedures: 
 The batch laboratory testing followed the biochemical methane potential (BMP) 
protocol, which is a laboratory batch study used to characterize CH4 production potential 
[8]. Substrate and inoculum were added into 300 mL serum bottles, purged with N2 gas to 
establish anaerobic conditions, capped, and incubated at 35ºC in an environmental 
chamber. Biogas, CH4, and H2S concentrations were monitored at regular intervals for 67 
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days, when biogas production had largely ceased, and the daily biogas production was 
less than 1% of the total biogas production for most treatments. The mass of substrate and 
inoculum in each bottle ranged from 31.4 to 58.8 g (Table 2.2) to keep the ISR at 1:1 for 
all treatments.  
The quantity of biogas produced was measured using a graduated, gas-tight, wet-
tipped 50 mL glass syringe inserted through the septa of the digestion reactors and 
equilibrated to atmospheric pressure. Biogas samples were collected in 0.5 mL syringes 
and tested on a gas chromatograph (Agilent 7890) using a thermal conductivity detector 
(TCD) at a detector temperature of 250 °C for CH4 and H2S concentration. The average 
CH4 and H2S production in the triplicates from the inoculum control was subtracted from 
the other treatments to present the total CH4 production from the waste substrates only. 
2.2.4 Analytical Methods: 
The treatment mixtures were analyzed for pH before and after digestion using an 
Accumet AB15 pH meter. Triplicate samples were tested for TS and VS, according to 
Standard Methods for the Examination of Water and Wastewater (APHA-AWWA-WEF, 
2005) within 24 hours of collection. For TS analysis, triplicate 10.0 ml samples were 
pipetted into pre-weighed porcelain crucibles. The samples were then dried at 105 °C 
until a constant mass was obtained for the TS concentration. The crucibles were then 
placed in a furnace at 550 °C until a constant weight was obtained to determine VS 
concentration. The gummy waste and inoculum (digester effluent) were tested for total 
metals (iron, zinc), and total sulfur at Agrolabs Inc, Delaware using ICP-MS (Inductively 
coupled plasma mass spectrometry). 
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2.2.5 Statistical Analysis: 
Collected data were reviewed in accordance with QA/QC procedures, and 
analyzed for significant differences in biogas quantity, CH4, H2S, TS, VS, and pH using 
ANOVA and Tukey-Kramer post-hoc multiple mean comparison tests of the reviewed 
data using SAS. Tests of significance were conducted with an alpha value set at 0.05. 
Values are reported as means with standard errors (SE).  
2.3 Results: 
2.3.1 Methane (CH4) Production: 
The co-digestion mixtures GVW.DM.FW.GW had a significantly higher percent 
CH4 in the biogas compared to the mono-DM digestion (p-value < 0.0001; Table 2.3). 
However, there were no significant differences in the biogas CH4 content among the co-
digestion treatments (Table 2.3). The cumulative CH4 production over the 67-day AD 
period was normalized using two methods: 1) the total mass of the substrate added (mL 
CH4/g substrate), as this normalization provides an estimate of CH4 production that can 
be readily used by farmers, and 2) the VS of the substrate (mL CH4/g VS added) for 
comparison with other studies [7].  
As expected, the co-digestion treatments (with and without GVW addition) 
produced 359% - 524% more CH4 compared to mono-DM digestion, when normalized by 
the mass of substrate added (Table 2.3). Normalized CH4 production in co-digestion 
without GVW (DM.FW.GW-only) was 11.6% lower than the 5% GVW.DM.FW.GW 
mixture, 14.5% lower than 9% GVW.DM.FW.GW mixture, and 36.3% lower than the 
23% GVW.DM.FW.GW mixture (Table 2.3; Figure 2.1). The CH4 production in the 23% 
GVW.DM.FW.GW mixture was the highest among all treatments. The total normalized 
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volume of CH4 increased linearly with the mass percent of GVW added (r
2 = 0.9866) 
(Figure 2.2). 
 
Table 2.3 Methane (CH4) and hydrogen sulfide (H2S) production data from the batch 
digestion testing.  









Dairy manure (DM) 53.7 ± 0.5 149 ± 11 12.2 ± 0.1 212 ± 17 17.4 ± 1.4 
Food waste (FW) 14.8 ± 1.1 0# 0# 99.7 ± 8.8 8.3 ± 0.7 
Grease waste (GW) 25.7 ± 3.0 10 ± 4.5 6.3 ± 2.9 33.1 ± 30.4 21.4 ± 19.6 
Gummy vitamin waste 
(GVW) 
6.98 ± 0.9 0# 0# 7.0 ± 0.1 3.2 ± 0.1 
DM.FW.GW 
(0% GVW) 
67.4 ± 0.2 373 ± 6 56.0 ± 0.8 35.1 ± 2.2 5.3 ± 0.3 
GVW.DM.FW.GW 
(5% GVW) 
66.6 ± 1.6 374 ± 12 62.5 ± 2 71.9 ± 13.7 12.0 ± 2.3 
GVW.DM.FW.GW 
(9% GVW) 
68.3 ± 1.2 355 ± 3 64.1 ± 0.5 70.4 ± 5.2 12.7 ± 0.9 
GVW.DM.FW.GW 
(23% GVW) 
71.1 ± 1.0 336 ± 12 76.3 ± 2.7 68.3 ± 16.6 15.5 ± 3.8 
* The % CH4 shown is the average value of the last two weeks of the 67-day experiment. 
# The CH4 production from the inoculum was subtracted from all treatments, resulting in 






Figure 2.1 Methane (CH4) production normalized by gram of substrate (mL
 CH4/g 
substrate) (A, top) and by gram of volatile solids (mL CH4/g VS) (B, bottom) in the batch 
digestion testing of gummy vitamin waste (GVW), grease waste (GW), food waste (FW), 
dairy manure (DM) digested singularly and as a mixture (DM.FW.GW), with the percent 






Figure 2.2 Linear regression of normalized methane (CH4) production per gram of added 
substrate and percent gummy vitamin waste (GVW) within the co-digestion mixture. 
 
  When the total CH4 produced was normalized by the quantity of organic material 
added (mL CH4/g VS), the 23% GVW.DM.FW.GW mixture was significantly lower than 
the DM.FW.GW mixture with 0% GVW (p-value = 0.0156) and 5% GVW.DM.FW.GW 
mixtures (p-value = 0.0122) (Table 2.3), with no significant differences between the other 
co-digestion treatment groups. Mono-GVW digestion resulted in negligible CH4 
production (0 mL CH4/g VS) over 67 days of digestion due to subtraction of inoculum 
CH4 production from each treatment, and higher CH4 production values in the triplicate 
inoculum reactors compared to the triplicate GVW-only AD reactors. Both treatments 
with negligible CH4 production (Mono-GVW and mono-FW) had low final pH levels in 




Table 2.4 Average pH and volatile solids (VS) in all treatment mixtures pre-digestion 
(initial) and post-digestion (final). Initial VS data was calculated theoretically, and final 












Dairy manure (DM) 59.5 48.0 ± 1.8 19.3% 7.64 7.75 
Food waste (FW) 60.0 42.0 ± 2.5 30.0% 7.11 6.24 
Grease Waste (GW) 87.5 79.5 ± 1.1 9.1% 7.79 7.21 
Gummy vitamin waste 
(GVW) 
85.5 53.0 ± 0.5 38.0% 7.75 6.24 
DM.FW.GW (0% GVW) 71.5 49.4 ± 0.8 30.9% 7.92 7.97 
GVW.DM.FW.GW (5% 
GVW) 
73.5 47.6 ± 3.0 35.2% 7.84 7.95 
GVW.DM.FW.GW (9% 
GVW) 
74.5 49.2 ± 1.3 34.0% 7.87 7.95 
GVW.DM.FW.GW 
(23% GVW) 
78.0 51.0 ± 2.6 34.6% 7.77 7.88 
 
2.3.2 Hydrogen Sulfide (H2S) Production: 
 The DM treatment produced biogas with a peak concentration of 2,145 ppm H2S 
after three days of digestion (Figure 2.3). After this time, H2S levels decreased and no 
H2S was detected in the biogas by the 60
th day of the experiment. The treatment with the 
next highest peak H2S concentration in the biogas was the 9% GVW.DM.FW.GW 
mixture (804 ppm H2S), which was 63% less than the DM treatment and 23% greater 
than the next highest treatment (DM.FW.GW-only mixture with 0% GVW) at 576 ppm 
H2S. The peak H2S concentrations for all treatments were observed within the first 2-3 
days before peak CH4 production. The 23% GVW.DM.FW.GW treatment, DM and FW 
had detectable H2S concentrations in the biogas for the longest period (51 days). The 
mono-GVW treatment did not produce a measurable amount of CH4, but it had the 
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shortest period of detectable levels of H2S (5 days). This is likely due to lowered 
microbiological activity within the digester due to the low pH levels, which led to low 
biogas production.  
 
 
Figure 2.3 Hydrogen sulfide (H2S) concentration (ppm) in the biogas over time in the 
batch digestion testing of gummy vitamin waste (GVW), grease waste (GW), food waste 
(FW), dairy manure (DM) digested singularly and as a mixture, with the GVW inclusion 
shown for each co-digestion mixture tested. 
 
 The quantity of H2S produced showed an increasing trend with increases in the 
percent of GVW inclusion (0 – 23%) when normalized by kilograms of substrate addition 
(5.3 – 15.5 ml H2S/kg substrate; Table 2.3, Figure 2.4). The H2S production in the DM 
treatment (17.4 mL H2S/kg substrate) was significantly higher than the treatments co-
digested with GVW (p-value = 0.0046). However, in the DM.FW.GW treatment (0% 
GVW), the normalized H2S production was the lowest among the co-digested treatments 
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(5.3 mL H2S/kg substrate), and significantly lower than 23% GVW.DM.FW.GW (p-
value = 0.0106) and DM (p-value = 0.0023) treatments. However, there were no 
significant differences for normalized H2S production between the 5 – 23% GVW 
inclusion (p-value = 0.633) treatments.  
 
 
Figure 2.4 Normalized hydrogen sulfide (H2S) production per kilogram of added 
substrate and percent gummy vitamin waste (GVW) within the co-digestion mixture. 
 
 When the total H2S was normalized by the amount of VS added, the DM 
treatment (212 mL H2S/kg VS) produced a significantly larger amount of H2S compared 
to all co-digestion treatments (p-value < 0.0001) (Table 2.3). The addition of GVW (68 - 
72 mL H2S/kg VS) showed a significant increase in H2S production compared to the 
DM.FW.GW (0% GVW) treatment (35 mL H2S/kg VS; p-value = 0.0003). However, 
there were no significant differences within the 5 – 23% GVW.DM.FW.GW treatments 
(p-value = 1.000).  
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2.3.3 Effect of retention time and solids degradation: 
The percentage of CH4 in the biogas of the DM treatments rose above 25% on the 
11th day of digestion, while the treatments containing additional substrates (FW, GW and 
GVW) had a longer lag phase and started producing higher quantities of CH4 after 20 
days of digestion (Figure 2.1), which is a relatively long lag-time for BMP analyses. The 
DM treatment produced 43% of its total cumulative CH4 within the first 20 days, while 
all other treatments had less than 10% of the total cumulative CH4 production during this 
time (Table 2.5). By the 41st day of the experiment, 89% of the total cumulative CH4 from 
the mono-DM treatment had been produced, but the percent of total cumulative CH4 from 
the GVW.DM.FW.GW and DM.FW.GW treatments by Day 41 varied from 57 - 80% of 
the cumulative CH4 after 67 days of digestion. The effect of the longer retention times on 
GVW degradation was seen, as the CH4 production rate for co-digestion was highest 
when no GVW was added (DM.FW.GW), with a maximum CH4 production rate of 16.8 
ml CH4/VS d). The maximum CH4 production rate decreased with increasing GVW 
inclusion (10.6 – 11.6 ml CH4/VS d). The maximum CH4 production rate was the lowest 
for DM (6.0 ml CH4/VS d) for the treatments with CH4 generation. 
 
Table 2.5 Normalized methane production (mL CH4/g VS) after 20, 46, and 67 days, 




(mL CH4/g VS) 
Day 46 
(mL CH4/g VS) 
Day 67 
(mL CH4/g VS) 
Dairy manure (DM) 64 (43%) 133 (89%) 149 
DM.FW.GW (0% GVW) 7 (2%) 299 (80%) 373 
GVW.DM.FW.GW (5% GVW) 30 (8%) 268 (72%) 374 
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GVW.DM.FW.GW (9% GVW) 29 (8%) 245 (69%) 355 
GVW.DM.FW.GW (23% GVW) 10 (3%) 193 (57%) 336 
 
The TS and VS concentrations of the GVW showed that the VS comprised 99.7% 
of the total solids content (46.4% of the wet GVW). While a high percentage of the GVW 
was degradable, there was only a 34 - 35.2% degradation of VS during digestion (Table 
2.4). While there was no CH4 production from the mono-FW and mono-GW treatments, 
there was a decrease of >30% of the initial VS content, which can be attributed to the 
initial breakdown of the organic matter, resulting in CO2-enriched biogas production. 
Biogas volume for these treatments was over 200 mL during the first two days, with less 
than 0.5% CH4 and over 35% CO2 for mono-FW and over 50% CO2 for mono-GVW 
treatments.  
2.4 Discussion: 
Increasing the amount of GVW during digestion did increase CH4 production, as 
expected. The GVW appeared to completely hydrolyze during digestion, with no visible 
trace of solid GVW in the post-BMP samples after 67 days of digestion. The GVW 
accounted for 5 – 23 % of the total mass of substrate added, corresponding to 15 – 50% 
of the VS inclusion. The GVW product could be beneficial for farmers interested in co-
digestion waste substrates that increase CH4 production, but the longer retention time of 
the GVW compared to DM digestion should be taken into consideration.  
The negligible CH4 production and low pH values in the mono-GVW, FW and 
GW treatments compared to the higher CH4 production (336 – 374 ml CH4/g VS) and pH 
range (7.88 – 7.95) in treatments that co-digested GVW, FW, GW and DM showed that 
the buffering capacity of the added co-substrates is important to mitigate accumulation of 
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volatile fatty acids (VFA) and lowered pH [4,69]. Carbon rich substrates can have a poor 
buffering capability, leading to an increased rate of VFA production and methanogenesis 
inhibition [4]. The mono-GW treatment had an initial pH of 7.79 but did not produce 
significant amounts of CH4, possibly due to the slow degradation rate of lipids in the 
grease waste. Previous studies have also shown that digestion of lipids without co-
digestion required the use of lime as a pH stabilizer [70]. The use of a buffer for pH 
control in the experiment was avoided since the study was originally conducted to 
emulate the source farm conditions. The AD system on farm did not use any pH 
stabilizers, as the manure provided sufficient buffering capacity for the digestion process. 
Generally, the high alkalinity of manure increases digester resistance to acidification for 
high-fat and sugar content wastes and adds a nitrogen source for micro-organisms [71].  
All treatments produced large amounts of biogas during the first two days of 
digestion (ranging from 39 mL for DM to 379 mL for 23% GVW.DM.FW.GW), mostly 
composed of CO2. The biogas volume dropped sharply for all treatments (< 10 mL per 
day) after Day 2, and the mono-DM treatment recovered the earliest (Day 11) and started 
producing > 50 mL biogas per day. The reduction in VS in the treatments with negligible 
CH4 production for FW, GVW, and GW (Table 2.4) can be attributed to this initial burst 
of CO2 enriched biogas production due to the initial breakdown of complex organic 
molecules. Bujoczek et al. (2000) showed that high organic loading rates may initially 
lead to large amounts of biogas, composed mainly of CO2, after which biogas production 
slows down [72]. In their study, the biogas production recovered after 30 days of 
digestion with CH4 as the main component, similar to the results seen in this experiment. 
The authors also reported that the highest TS content for feasibility of digestion was 10%, 
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while the shortest lag phase was obtained for 2.7% TS. The TS content in our experiment 
varied from 7.1% for DM to 11.6% for FW and showed similar CH4 production trends to 
their study. The longer lag phase associated with a high TS content could be due to either 
high VFA concentrations or high ammonia concentrations or a combination of the two 
factors [72]. The CH4 production in this study recovered after the lag phase, indicating 
acclimatization of the methanogenic bacteria to the initial inhibitory conditions, but the 
quantity of CH4 generated from the DM treatment (149 ± 11 mL CH4/g VS) was 38 - 
44% lower than the results obtained by Moody et al. (2011) for dairy manure (239 – 264 
mL CH4/g VS) [62]. Witarsa and Lansing (2015) showed that the normalized CH4 
production on a VS basis is often lower for unseparated dairy manure due to the 
recalcitrant nature of the manure solids, leading to lower VS conversion efficiency [73].  
It was expected that CH4 production normalized by VS in the GVW co-digested 
treatments would be similar, but a decreasing trend with increasing percent GVW was 
observed. Normalization by VS illustrates the efficiency of organic material conversion 
to CH4. As GVW is a dense substrate in terms of grams of VS per gram of substrate, the 
increase in GVW inclusion decreased the efficiency and rate of converting the VS to 
CH4. The longer lag phase and the larger CH4 production rates in the GVW treatments 
compared to DM.FW.GW and DM-only, from Days 41 to 67, suggests that long retention 
times would be needed to receive the full increase in expected CH4 production. This 
effect was also seen by Kaparaju et al. (2002) when black candy, chocolate, and 
confectionary by-products were digested with dairy manure for 160 days in order to 
obtain a complete cumulative CH4 value, with similar normalized CH4 production for the 
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confectionary waste (320 – 390 mL CH4/g VS) compared to the GVW.DM.FW.GW 
treatments (336 – 374 mL CH4/g VS) [74].  
In all treatments, the VS degradation was low compared to studies conducted by 
Lisboa and Lansing (2013) and Li et al. (2013), where the VS degradation rates ranged 
from 48% - 93% [7,75]. Only 19.3% of the initial VS content of the mono-DM treatment 
was degraded at the end of the experiment, illustrating recalcitrance in the manure feed. 
The VS degradation was consistent with co-digestion studies of forage radish and dairy 
manure by Belle et al. (2015b), which used the same manure source as this study with a 
21.3% reduction in VS concentration in the mono-DM treatment [76]. The VS 
degradation of our study (30.9% – 35.2%) was also comparable to the aforementioned 
study (30.8% – 39.7%), with 50%-80% co-digestion substrate with dairy manure.  
In a review conducted by Xie et al. (2018), it was reported that addition of a 
carbon rich substrate to sewage sludge digestion may lower the H2S concentration due to 
a dilution effect [77]. This dilution effect can be attributed to a proportionally higher 
biogas yield compared to the additional H2S produced from the co-digested substrates. 
The S concentration for GVW (212 ppm S) was lower than the inoculum source (368 
ppm S), and unseparated dairy manure slurries with a TS content of 7% (~ 1500 ppm S) 
[78]. The low sulfur concentrations combined with the high VS content (46.3%) of 
GVW, in comparison to DM (8.2% VS), provide more evidence to the dilution effect 
observed in the study, as previously hypothesized. Since more biogas was produced in 
the GVW treatments compared to the DM treatments, the relative percent of the biogas 
attributed to manure in the mixed substrate treatments was lowered, and thus, the relative 
contribution of H2S from the manure substrate also decreased. Furthermore, the 
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contribution of H2S from GVW was comparatively lower due to its low sulfur content, 
leading to the overall decrease in H2S concentrations in the biogas. However, it should be 
noted that the GVW addition as a co-digestion substrate increased total normalized H2S 
production when compared to co-digestion with 0% GVW addition (DM.FW.GW). A co-
digestion substrate with negligible S content could have led to further decreases in H2S 
concentrations and total yield. Some gummy vitamins are fortified with Fe, but the 
concentrations seen in this study (4.3 ppm Fe) was lower than the Fe concentrations in 
food waste (4800 ppm) and unlikely to have affected H2S production in our study [79].  
The sulfurous compounds in the feedstock were primarily utilized during the 
initial phase of digestion as most of the H2S was produced within the first 20 days, after 
which the CH4 percentage started rising for all treatments. Similar results were also 
observed by Belle et al. (2015b) when co-digesting different mass fractions of forage 
radish with dairy manure in BMP experiments [76]. Forage radish has a high sulfur 
content and increasing the forage radish percentage led to an expected increase in H2S 
production initially, but all the treatments had lowered and similar H2S production by the 
end of the study. Belle et al. (2015a) also conducted a pilot-scale study on the same 
substrates and showed an increased rate of H2S production during the first two weeks of 
digestion, after which, the concentration decreased by >75% of the maximum H2S 
concentration for the remainder of the digestion period (33 days total) [63]. These 
observations can be attributed to increased SRB activity during the initial digestion 
phase, as SRBs can outcompete methanogens when the availability of biodegradable 




Results from the BMP study suggested that gummy waste is a potentially valuable 
co-digestion substrate with dairy manure. The mixture of substrates containing gummy 
waste, food waste, grease waste, and dairy manure enhanced CH4 yields compared to 
digestion of dairy manure alone. The high density of VS and low moisture content of the 
gummy waste results in high CH4 yields per gram of the substrate, but due to the slower 
degradation rate of the GVW, higher retention times may be needed to yield these higher 
CH4 potentials. Co-digestion of GVW with dairy manure lowered the H2S yield 
compared to mono-digestion of dairy manure due to its low sulfur content. Co-digestion 
of industrial byproducts and food waste mixtures in farm-scale biogas digesters could 
provide economic incentives for farmers through tipping fees and increased biogas 




3 Evaluation of hydrogen sulfide scrubbing systems for anaerobic 
digesters on two U.S. dairy farms 
Abstract 
Hydrogen sulfide (H2S) is a corrosive trace gas present in biogas produced from 
anaerobic digestion systems that should be removed to reduce engine generator set 
maintenance costs. This study was conducted to provide a more complete understanding 
of two H2S scrubbers in terms of efficiency, operational and maintenance parameters, 
capital and operational costs, and the effect of scrubber management on sustained H2S 
reduction potential. For this work, biogas H2S, CO2, O2, and CH4 concentrations were 
quantified for two existing H2S scrubbing systems (iron-oxide scrubber, and biological 
oxidation using air injection) located on two rural dairy farms. In the micro-aerated 
digester, the variability in biogas H2S concentration (average: 1,938 ± 65 ppm) correlated 
with the O2 concentration (average: 0.030 ± 0.004 %). For the iron-oxide scrubber, there 
was no significant difference in the H2S concentrations in the pre-scrubbed (450 ± 42 
ppm) and post-scrubbed (430 ± 41 ppm) biogas due to the use of scrap iron and steel 
wool instead of proprietary iron oxide-based adsorbents often used for biogas 
desulfurization. Even though the capital and operating costs for the two scrubbing 
systems were low (< $1500/year), the lack of dedicated operators led to inefficient 
performance for the two scrubbing systems. 
3.1 Introduction:  
Hydrogen sulfide (H2S) is a corrosive gas that can corrode and damage, even in 
trace quantities, engine-generator sets (EGS) utilizing biogas from anaerobic digestion 
(AD) for electricity production. The produced H2S can react with water vapor present in 
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the biogas producing sulfuric acid, which can cause corrosion. Hydrogen sulfide gases 
are also toxic to living organisms under certain concentrations and can result in range of 
adverse health effects. OSHA mandates that the industry acceptable ceiling concentration 
for human exposure to H2S is 20 ppm for an 8-hour duration [80]. In some industrial 
sectors, the total weighted average exposure limit is 10 ppm over 8 hours. The acceptable 
peak concentration above the ceiling concentration is 50 ppm, but for a maximum time 
limit of 10 min. Concentrations exceeding 500 ppm in a closed environment can lead to 
death within 30-60 minutes, while concentrations exceeding 1000 ppm is instantly fatal 
[15]. Combustion of H2S also leads to SOx emissions, which has harmful environmental 
effects. Anaerobic digesters, used in conjunction with H2S scrubbers, are effective at 
controlling odor problems, which is often perceived as an environmental issue by 
residents living close to dairy farms [81]. For digestion systems with EGS to operate 
effectively, it is important to remove H2S from biogas before utilization.  
Corrosion from H2S has led to interrupted operation of farm-based EGS, resulting 
in increased maintenance costs and decreased revenues [82]. Biogas is a saturated (4-5% 
moisture content) mixture of 50-70% methane (CH4), 30-50% carbon dioxide (CO2), with 
of traces of H2S (100 – 10,000 ppm; 0.01 to 1%). The variability of H2S in biogas 
production and different efficiencies of scrubbers in reducing H2S in the biogas over time 
can also affect EGS downtimes and overall lifetime [83,84]. The recommended upper 
limits of H2S concentration for energy conversion technologies that use biogas are 




Table 3.1 Recommended hydrogen sulfide (H2S) concentration limits for biogas 
utilization technologies [20,85]. 
Technology H2S limit (ppmv) 
Gas Heating Boilers < 1,000 
Combined Heat and Power (CHP) < 1,000 
Fuel Cells < 1 
Natural Gas Upgrade < 4 (variations among countries) 
 
The two H2S scrubbing techniques discussed in this study include: 1) biological 
desulfurization (BDS) of H2S using sulfur-oxidizing bacteria (SOB) to oxidize H2S to 
elemental sulfur and sulfates, which can occur in a separate bio-trickling filter (BTF) or 
with air injection into the digester headspace, and 2) physical-chemical adsorption and 
oxidation using iron oxides.  
Biological conversion of H2S results from microbial oxidation in an oxygenated 
environment. Small concentrations of air (or oxygen) are injected into a biological 
scrubbing system, such as a BTF, or into the digester headspace [86]. The oxygen is used 
by SOB, which use H2S, sulfur, and thiosulfate as their primary energy sources. Schieder 
et al. (2003) showed 90% reduction in H2S concentrations (up to 5000 ppm) using BTF-
based biogas scrubbers (BIO-Sulfex® biofilter modules), which received the produced 
biogas a flow rates of 10 – 350 m3/hr [16]. A simpler method of BDS of biogas is the 
controlled addition of oxygen or air directly into the digester headspace, which creates a 
micro-aerobic environment for H2S oxidation. However, air injection needs to be 
carefully controlled in order to prevent accidental formation of explosive gas mixtures of 
CH4 and O2 [81]. With differences based on the temperature, residence time, and the 
percentage of injected air, there have been full-scale digesters with micro-aeration that 
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have observed reductions as high as 80 – 99%, reducing H2S in the biogas from ~ 500 
ppm to 20 – 100 ppm [15].  
Iron oxide pellets or wood chips impregnated with iron oxide (also known as ‘iron 
sponge’) can also be used for biogas desulfurization [87]. The iron oxide in the media 
reacts with the H2S and is converted into iron sulfide. Iron sponge is the most recognized 
iron oxide adsorbent in the industry with H2S reductions >99.9% (3600 ppm to 1 ppm 
after scrubbing) reported in the literature [15]. The iron sponge adsorbent can also 
operate in conjunction with a small air flow into the system, along with the biogas input, 
to promote continuous regeneration. Sulfide removal rates up to 2.5 kg H2S/kg Fe2O3 
have been observed in continuously regenerated systems with <1% oxygen input [19]. 
Proprietary iron oxide scrubbing systems, such as SOXSIA®, have been shown to remove 
up to 2000 ppm of H2S at 40
 °C and biogas flow rates of 1000 Nm3/hr in full-scale AD 
systems (2 m3/hr or 3 kg/hr H2S removal rate) [20]. 
 A study conducted by Shelford et al. (2019) investigated the performance and 
economic benefits of two BTF systems on NY farms and found that the total annual cost 
to own and operate the scrubbers may not justify the capital and maintenance costs of the 
scrubber systems compared to increasing the frequency of oil changes [82]. It was 
suggested that longer monitoring periods may be necessary to understand the benefits of 
H2S scrubbing on major generator overhauls. The study also highlighted the importance 
of a dedicated operator for keeping the systems functioning at peak efficiency. A report 
published on biomethane production in California estimated the cost of an H2S scrubbing 
system to be around 10% of the total capital costs [81]. It was also suggested that the use 
of H2S scrubbers was dependent on the end-use of the biogas, as more frequent oil 
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changes (every 300 hours instead of 600 hours) could be sufficient for maintaining EGS 
health. Even though several H2S scrubbing technologies exist, there is only limited field-
scale data on long-term H2S removal efficiency, and the costs associated with operating 
and maintaining a scrubbing system, especially on rural dairy farms in the United States 
[15].  
The objective of this study was to quantify the efficacy and costs associated with 
H2S scrubber systems using units on dairy farms with AD systems. Two different H2S 
scrubber systems on rural US dairy farms were evaluated through quantification of 
scrubbing efficiency, capital costs, maintenance costs, and maintenance practices to 
determine how scrubber management affected the performance of these systems. The 
results can be used to understand the costs, maintenance requirements, and variations 
over time for these two H2S scrubbing systems.  
3.2 Methods: 
3.2.1 Farm and H2S Scrubber Information:  
 The iron oxide scrubber (IOS) on Farm 1, referred to hereon as SIOS, treated 
biogas from an ambient temperature anaerobic digester with a capacity of 2,574 m3 
receiving food waste and the liquid fraction of dairy manure processed through a solid-
liquid separator. The unheated digester was exposed to ambient temperatures, which 
resulted in lower biogas production during winter months. In addition, there was no 
mixing of the substrate inside the digester. The farm (750 cows) operated a 110-kW 
engine-generator set for electricity production, with the produced energy used on-farm.  
The vessel for the H2S scrubber was a 208 L plastic drum. PVC piping was used 
for the connection from the digester to the scrubber and then to the engine generator. The 
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iron oxide scrubber was filled with rusted scrap iron and steel scrapings (approximately 
50% volume of the scrubber system). New media (approximately 25% of the scrubber 
volume) was added by the farmer after 45 days of monitoring (without cleaning out used 
media) to increase the efficiency of the scrubbing unit. After 105 days, the media was 
changed to fresh grade 000 steel wool (252 pads, 4.4 kg) (Homax, Bellingham, WA) to 
determine if the increased surface area of this material would affect scrubber 
performance. The scrubber media covered three-quarter of the entire volume (156 L) of 
the scrubbing unit in order to enhance the contact time between the untreated biogas and 
the steel wool. 
Biogas flow rate from the digester was measured before the biogas passed through 
the scrubber. There were no condensation traps before the scrubber. The biogas from the 
digester entered the scrubber from the bottom and flowed through the barrel, passing 
through the scrubbing media before exiting from the top of the scrubber vessel. A 
regenerative blower (Gast Regenair Model - R5325R-50, Benton Harbor, MI) installed at 
the outlet of the scrubber was used to send biogas to the generator. The generator was 
operated only during the farm operational hours, which averaged 12 hours per day. 
The air injection pump for BDS inside the digester headspace on Farm 2, referred 
to hereon SBDS, was connected to a commercially designed, mixed anaerobic digester. 
Raw unseparated dairy manure (650 cows) was mixed with solid food waste (discarded 
produce) and fed into 1,817 m3 capacity digester. Electricity was generated using a 140-
kW generator. The digester was heated to 35 °C using the waste heat from the EGS, with 
electricity sold to the grid. The generator was operated continuously, with breaks in 
operation for maintenance and repairs only.  
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The H2S scrubber system consisted of an air pump that pumped air into the 
headspace of the digester. The pump (SST10 Aquatic Ecosystems Inc, Pentair, Apopka, 
FL) was rated at 223 W, 51 Nm3/hr, and single phase (115/230 V). The air pump was set 
to inject air at a consistent rate of 2.86 m3/hr. A rotameter attached to the air pump, 
installed by the farmer, was used to measure the flowrate. The installed air pump did not 
have an automatic air flow regulator to change the airflow according to the amount of 
H2S in the biogas. The pipe from the air pump to the digester headspace required regular 
maintenance to prevent clogs.  
3.2.2 Performance Monitoring and Cost Information:  
The CH4, and H2S concentration was logged for 179 and 73 days for SIOS and 
SBDS, respectively, and the AD system and maintenance costs were collected for at least 
one year from each farm. Untreated and treated biogas were analyzed to detect daily and 
seasonal differences using two portable continuous biogas testing and monitoring systems 
(Siemens Model # 7MB2337-3CR13-5DR1, Siemens AG, Munich, Germany) for CH4 (0 
– 100 %), CO2 (0 – 100 %), O2 (0 – 100%), and H2S (0 – 5000 ppm), with a Campbell 
Scientific CR1000 data logger and acquisition system, and gas meters (Model # 9500, 
Thermal Instrument Co, Trevose, PA; Model #FT2, Fox Thermal, Marina, CA) and 
assembled as described in Shelford et al. 2019 [82]. The monitoring system were moved 
and installed at each farm for the study period (73 and 179 days). The Ultramat 23 was 
capable of an auto-calibration with air every eight hours, with regular monitoring and 
calibration of the units were conducted according to manufacturer’s standards to maintain 
the accuracy of the H2S sensors. The monitoring systems collected data for 15 minutes 
for each biogas stream (pre and post H2S scrubbing). Operation and maintenance records 
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of the AD and scrubbing systems was undertaken by the farmers, with records on the 
time and costs spent on their AD and scrubber system, including oil change costs, 
generator repair costs, and electrical energy generated over 12 months, if available.  
At the end of December 2016, the gas analyzer system installed for project 
purposes on Farm 2 (SBDS) started malfunctioning and the system had to be removed for 
repairs, likely due to H2S corrosion. The on-farm biogas was then field tested using a 
Landtec handheld gas meter (Biogas 5000, Landtec, Dexter, MI) during farm visits.  
3.2.3 H2S Removal Calculations:  
Hydrogen sulfide removal efficiency (η) was calculated using the formula: 
𝜂 =
(𝐶𝑖𝑛  −  𝐶𝑜𝑢𝑡)
𝐶𝑖𝑛
𝑥 100% 
where Cin and Cout (ppm) are the scrubber inlet and outlet H2S concentrations. The daily 
mass (grams/day) of sulfur removed (w) was calculated using the formula: 
𝑤 =  
(𝐶𝑖𝑛  −  𝐶𝑜𝑢𝑡)𝑥 1.5 𝑥 𝐹
1000
 
where Cin and Cout (ppm) are the scrubber inlet and outlet H2S concentrations and F is the 
biogas flow rate (m3/day). 
3.2.4 Statistical Analysis:  
Significant differences in pre- and post-scrubbed CH4 and H2S concentrations 
over time within each farm was determined using t-tests using SAS, with an alpha value 




3.3 Results and Discussion 
3.3.1 Iron Oxide Scrubber (SIOS): 
The mean H2S concentrations in the pre-scrubbed and post-scrubbed biogas of 
SIOS were 450 ± 42 ppm and 430 ± 41 ppm (n=179), respectively, when averaged over 
the study period (August 2016 – January 2017) (Figure 3.1). The H2S concentrations in 
the pre-scrubbed biogas was 740 ± 53 ppm and post-scrubbed biogas was 719 ± 52 ppm 
(n=85) prior to the media change from scrap iron to steel wool. After the media change, 
the pre-scrubbed H2S concentration (52 ± 9 ppm), which was significantly higher (p-
value < 0.0001) than the post-scrubbed H2S concentration (33 ± 6 ppm). This rapid 
decrease (Days 102 – 120) in H2S concentration is likely due to the temperature drop in 
the unheated digester at that time. The temperature of the digester effluent dropped from 
28.1 °C in August to 10.5 °C in December, which correspond with the ambient 
temperatures, which averaged 26.1 °C and 3.5 °C, respectively [88]. Sulfate reducing 
bacteria (SRB), the primary producers of H2S in anaerobic digesters, have lowered 
activities at temperatures below 20 °C [89]. 
The use of scrap iron and unoxidized steel wool as scrubbing media, instead of 
iron sponge or proprietary iron-oxide based adsorbents resulted in poor H2S removal 
efficiencies for SIOS. Dry iron-oxide based adsorbents are the most commonly used and 
effective scrubbing technique, but can generate a hazardous waste stream [15]. 
Commercially available iron sponge media can be up to 100% effective, but the use of 
scrap iron and steel wool as the adsorption media resulted in low H2S reduction 
efficiency (3%) for SIOS [19]. Kohl and Nielsen (1997) also reported that wetted iron-
oxide based adsorbents are not as effective as chemically hydrated oxides [90]. The steel 
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wool media and the scrap iron media were not allowed to oxidize before being used for 
H2S scrubbing, which could have contributed to the low scrubbing efficiency. 
The media replacement to steel wool and the increased residence time due to the 
lowered biogas flow rates in the winter season resulted in a decrease in the biogas H2S 
content even though the pre-scrubbed H2S concentration was below 100 ppm. The biogas 
production varied from 1202 m3/d in the summer (June to September, with an average 
temperature of 28 °C) to 51 m3/d in the winter (January - February, with an average 
temperature of 10.9 °C) (Figure 3.2). The average biogas flow rate before the media 
change was 980 m3/d (n=4), which was reduced to 51 m3/d (n=4) due to the temperature 
drop that coincided with the media change. The residence time of the biogas in the 
scrubber increased from 0.25 min to 6 min, as the lower winter temperatures led to a 
sharp decline in the biogas production from the unheated digester. Commercially 
available iron oxide media usually require 1 – 15 min residence time and could have been 
more efficient at removing H2S for SIOS, especially during the summer months [19]. 
Zicari (2003) reported that a farm digester (capacity - 554 m3) with an average biogas 
production of 669 m3/d could reduce H2S concentrations from 3,600 to <1 ppm, with a 
4,200 L iron oxide scrubber with a bed height of 240 cm [15]. The SIOS volume was 208 
L with an empty bed height of 88 cm (66 cm media height), with 4.2 kg of steel wool. 
The low adsorption efficiency seen in this study was affected by the high volume of 
biogas passing through the scrubber compared to the scrubber size. The total volume of 
biogas passing through the scrubber from Aug – Nov 2016 was 119,000 m3, with 3.8 kg 
of H2S removed from the biogas through the scrubber. After the media replacement with 
steel wool, a total of 1,800 m3 of biogas flowed through the scrubber in 36 days, with 68 
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g of H2S removed. The low sulfur removal was likely due to the low concentrations of 
H2S present in the biogas coupled with the comparatively low effectiveness of the fresh 
steel wool. Iron oxide-based adsorbents have been shown to remove 0.56 kg H2S/kg 
adsorbent in a batch system, with a recommended bed height of 120 – 300 cm [90]. 
Based on the results from the study, the steel wool had an adsorption capacity of 0.016 kg 
H2S/kg steel wool, which is an order of magnitude lower than the adsorption capacities of 
commercially available dry iron oxide-based sorbents.  
 
 
Figure 3.1 Hydrogen sulfide (H2S) concentrations in the biogas from the iron oxide 
scrubber (SIOS), with scrubber media replacement to steel wool after 105 days (mid-
November). 
 





Figure 3.2 Average daily biogas production over two month period from June 2016 to 
May 2017 in the AD system with the iron oxide scrubber (SIOS). 
 
During the study period, the average CH4 content in the pre-scrubbed biogas was 
64.1 ± 0.2%, with 64.9 ± 0.2% CH4 in the post-scrubbed biogas (Figure 3.3). The average 
CH4 production rate calculated using the biogas production data over one year (June 2016 
to May 2017) was 432 m3/d or 0.58 m3/cow-day. The CH4 production rate from a 
mesophilic dairy manure AD system can vary from 1.5 m3/cow-day to 3.9 m3/cow-day 
[91]. As the AD system in this study was not heated, the average CH4 yield was below 





Figure 3.3 Daily average pre-scrubbed and post-scrubbed CH4 concentration in biogas 
produced from the AD system with the iron oxide scrubber (SIOS). 
 
The generator produced a total of 47,158 kWh of electrical energy from the 
produced biogas from August to December 2016 (131 days), resulting in a daily average 
rate of 380 kWh/d. The engine generator stopped functioning in December 2016, but the 
exact reason for generator failure was not determined. The generator was not run 
continuously, and daily runtime varied every day. Typically, it was switched off during 
the night, and there were additional periods of downtime during the day. On average, it 
was estimated that the generator operated 12 hr/d. From June to December 2016, the 
biogas flow rate was continuous during the operational hours, with the regenerative 
blower suppling the biogas to the generator. The average daily CH4 production during the 
monitoring period of generator activity was 542 m3/d. The electricity generated from the 
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biogas was 0.70 kWh/m3 CH4, but the flare was not metered, so the actual value may be 
lower than estimated. 
 
3.3.2 In-vessel biological desulfurization system using air injection (SBDS): 
Overall, biogas H2S concentrations (average: 1,938 ± 65 ppm; n=73) varied 
considerably during the study period from 171 to 3,327 ppm, but the CH4 (56.2 ± 0.1%) 
and O2 concentrations (0.030 ± 0.004 %) were consistent (October to December 2016). 
Correlations between the H2S, CH4, and O2 were also observed, as expected (Figures 3.4 
and 3.5). In mid-October (Day 7), the H2S concentration decreased to 171 ppm, while the 
O2 concentration rose to 0.51%, and the CH4 concentration dropped to 50%, likely due to 
nitrogen (N2) introduced into the biogas stream with air injection. It is likely that once the 
oxygen was depleted, further oxidation did not take place, and the H2S concentration 
increased (after Day 9). Schieder et al. (2003) reported that micro-aeration by itself may 
not be sufficient to achieve complete desulfurization [16]. They collected data from 
biogas plants in the state of Baden-Württemberg in Germany and found that 54% of the 
micro-aerated AD systems had outlet H2S concentrations > 500 ppm. They suggested the 
use of an external biological scrubber to achieve outlet H2S concentrations of < 100 ppm 
and increase the life of CHP units and decrease the frequency of oil changes. In practice, 
digester manufacturing companies in the US have recommended limits of 500 ppm H2S 
in the biogas [82]. The variable H2S concentrations during the study period indicated 
variable treatment efficiency. The O2 concentration was not always sufficient for 
adequate H2S removal (< 500 ppm) throughout the period after the initial rise to 0.51% 
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O2. The O2 concentrations increased to 0.07% in mid-December for a short duration, 
which correlated with a decrease in the H2S concentration from 2,596 to 1,645 ppm.  
 
 
Figure 3.4 Hourly H2S and O2 concentrations in the biogas from the AD system with in-




Figure 3.5 Hourly biogas CH4 concentrations from the AD system with in-vessel 
biological desulfurization (SBDS).  
 
Ramos et al. (2013) showed that an outlet H2S concentration of < 200 ppm can be 
obtained with low O2 (0.2 – 0.3%) concentrations in the output biogas [21]. The O2 
utilization efficiency for H2S oxidation by the SOB increased with a decrease in the 
O2input/H2Sinitial ratio. Mulbry et al. (2017) also showed that an outlet H2S concentration of 
<100 ppm can be obtained with 0.5% O2 in the output biogas [92]. In SBDS, the average 
outlet O2 concentration was much lower (0.03%), as the air input was set at 2.86 m
3/hr 
(2.75% of the average biogas flow rate), resulting in an average O2 input of 0.58%. An 
increase in the air injection rate could have decreased H2S concentrations further, but at 
the cost of lowering CH4 concentration due to N2 dilution. The AD operator decided 
against increasing the air injection rate, because the CH4 concentration fluctuated 
between 50 – 55%, and generator efficiency can be affected if the CH4 concentration, 
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with, a CH4 concentration of < 50% unsuitable for most CHP generators due to 
significant decreases in energy production efficiency [15, 16]. In such cases, a pure O2 
input may be desirable over air injection, but at a higher cost.  
A constant air flow rate could have reduced the desulfurization efficiency in the 
digester headspace. A variable air flow rate based on the H2S production can ensure 
sufficient desulfurization to meet recommended limits for heating or electricity 
production while minimizing N2 dilution [22]. Ramos and Fdz-Polanco (2014) used a 
PID (proportional-integral-derivative) controller to vary the O2 flow rate to meet the set 
output H2S concentrations. The O2 input was controlled using two methods: H2S content 
in the biogas, and biogas production rate, and in both cases >99% removal of H2S was 
obtained [93]. The ORP (oxidation-reduction potential) of the liquid wastewater was used 
by Khanal and Huang (2006) as a parameter to control the injection rate to prevent under-
dosing/overdosing of O2 [94]. However, instead of adding O2 directly into the headspace, 
the authors injected it into the outlet of the reactor that contained a mixture of both biogas 
and the digester effluent. The resulting mixture was then sent to a separate sulfur 
oxidizing unit to separate the biogas, the effluent, and the elemental sulfur produced by 
the SOB. The method was able to reduce >99% of the total dissolved and gaseous 
sulfides for a range of initial dissolved sulfide concentrations (287 mg/L – 1997 mg/L). 
However, using ORP as a controlling parameter could be unreliable, as each AD system 
is different and a set standard for an ORP increase may not be appropriate [22]. Addition 
of O2/air into the digester liquid could also lead to degradation of organics in the 




Another factor that could have affected the desulfurization efficiency is the excess 
formation of sulfur mats in the digester headspace. The digester headspace was never 
cleaned, and therefore, large-sized elemental sulfur particles would drop back into the 
digester, along with the formation of sulfur laden biofilms on the liquid surface [92]. 
Sulfate reducing bacteria are also known to use elemental sulfur as an energy source for 
H2S production [13]. The accumulation of oxidized sulfates and elemental sulfur can be 
reduced again by SRB and can lead to increased H2S concentrations in the biogas [96]. 
External vessels used by Ramos et al. (2013) and Mulbry et al. (2017) that can be cleaned 
on a regular basis have been suggested as a better alternative to prevent reduction of the 
accumulated sulfates and sulfur [21,92]., which resulted in a steady CH4 production rate 
within the range for mesophilic digesters (1.5 m3/cow-day to 3.9 m3/cow-day) [91]. The 
farm averaged 2,003 m3/d of biogas flow through the generator (1,125 m3/d or 1.73 
m3/cow-day CH4 yield) and produced 689,656 kWh of electricity in 10 months at a rate 
of 1.95 kWh/m3 CH4 combusted. The average rate of electricity production was 2,196 
kWh/d. The average biogas flow rate was affected by the generator malfunction during 





Figure 3.6 Daily biogas production (m3/day) through the generator, operating on the farm 
with SBDS, for electricity production.  
 
3.3.3 Economic Analysis: 
The total cost of the scrubber systems was calculated using data provided by the 
farm owners. The total capital cost of the iron oxide scrubber system (SIOS) was 
approximately $525 based on the reactor vessel and piping costs, as this was a homemade 
system. All the maintenance was conducted by the farm owner, and the labor costs were 
considered negligible. Additionally, scrap iron ($25 cost) was added by the farmer once 
during the study. Steel wool media cost $80 to fill the space within the scrubber. The 
replacement media for the scrubber was calculated to be $650/year with original iron 
scrap based on 26 media replacements per year and $960/year with grade 000 steel wool 
based on 12 media replacements per year. Approximately, $450/year was required for oil 
changes as one liter of oil was added to the generator every other day (183 L/yr). The 
total cost to own and operate the scrubber was $1,100 (with iron scrap media) and $1,410 
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(with grade 000 steel wool). Generator maintenance and repair can add significant costs 
as well, but no information was available for generator repair costs.  
The total capital cost of SBDS was approximately $450 for the air pump for air 
injection into the digester headspace. Scrubber maintenance was carried out by cleaning 
out the air injection connection into the digester on a weekly basis. This was estimated to 
take 20 minutes per week and cost the farm $120/year in labor costs (~$10/week at 
$30/hr.). Oil change costs ranged from $1,190 to $1,795 per month and additional costs 
during a month were for generator repairs. The farm owner spent $10,798 for oil changes 
and repairs to the generator engine head in April 2017. One of the primary reasons for the 
lower costs of oil change for SIOS was the lower average H2S concentrations (430 ppm) 
compared to SBDS (1,938 ppm).  
Zicari (2003) tabulated data for different proprietary iron-oxide based adsorbents, 
where the capital costs ranged from $8,000 - $43,600 and the operating costs ranged from 
$8,290 to $23,840 for a biogas stream with 4,000 ppm of H2S and a gas flow rate of 
1,350 m3/d, which is comparable to the average daily biogas flow rates for both farms in 
this study [15]. These cited costs were much lower than the costs associated with owning 
and operating the BTF units in the study conducted by Shelford et al. (2019) [82]. The 
operational, maintenance and utilities costs for BTF systems in their study ranged from 
$17,050 for farm 2 to $32,563 for Farm 1, which are comparable to the operational costs 
of iron oxide scrubbers, but the capital costs were at least four times higher. The 
proprietary iron-oxide scrubbers examined by Zicari (2003) had high H2S removal 
efficiencies and low H2S output concentrations (up to 100% and less than 1 ppm) 
compared to the lower efficiencies (80.1% and 94.5%) and higher H2S output 
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concentrations (450 and 150 ppm) seen in the study by Shelford et al. (2019) [19,82]. 
However, on larger farms, the operating costs associated with iron oxide scrubbers may 
be much higher due to the larger volume of biogas to be treated and the higher handling 
and disposal costs of the spent media [19]. When the costs were normalized on the basis 
of volume of biogas treated, the costs were comparable, with iron-based adsorbents costs 
ranging from $0.024 – 0.046 per m3 of biogas treated and BTF systems costs ranging 
from $0.012 – 0.03 per m3 of biogas treated [15,19,82]. 
Shelford et al. (2019) also calculated the economic benefits of having a BTF 
scrubbing system by calculating the savings associated with less frequent oil changes 
after scrubber installation [82]. The farms reported a net annual loss of $61,593 for BTF 
1 and $30,093 for BTF 2, which may be economically infeasible for smaller farms, 
especially during low milk price cycles in the US.  
The results and observations from this study and Shelford et al. (2019) study 
showed that even though H2S scrubbing system existed on all four farms studied, 
consistent performance was lacking in the inexpensive systems analyzed in our study. 
Both SBDS and SIOS had significantly lower capital and operating costs than the two BTF 
systems, but it is unclear if the farmers realized any economic or social benefits from 
these two H2S scrubbing systems during the study period. It is also difficult to calculate 
monetary benefits of having the scrubbing systems, since there was no information 
available on oil changes prior to scrubber installation and the highly inefficient 
performance of the scrubbing systems. Table 3.2 shows the cost information of the BTF 





Table 3.2 Capital and operating cost summary of different scrubbing technologies in 
Northeast US. 











Farm Size 750 cows 650 cows 4,200 cows 1,500 cows 
Generator Capacity 110 kW 140 kW 1,000 kW 500 kW 
Scrubber System 
Capital Cost 
$525 $450 $342,000 $185,000 
Annual Labor, 
Cleanout Costs 
N/A $0 $10,323 $4,340 
Annual Generator 
Maintenance Costs 
$450 $28,708 N/A N/A 
Annual Scrubber 
Maintenance Costs 
$960# $120 $8,900 $9,400 
*values obtained from [82]. 
#Annual scrubber maintenance costs with steel wool as the scrubbing media 
3.3.4 Scrubber management: 
 An important factor to consider for efficient scrubber operation is scrubber 
management by farm or AD operators. H2S management on agricultural digesters has 
lagged behind municipal and industrial digesters due to limited funding [92]. Hiring full-
time operators for ensuring efficient scrubber performance can lead to unaffordable 
operating and labor costs, especially for farm owners with AD systems.  
Changing the iron-oxide media after saturation is a labor-intensive process due to 
a need for careful handling of the saturated media [19]. Without proper monitoring of 
biogas quality, it is also impossible for farmers to know when to replace the saturated 
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media or ascertain if biological conversion of H2S is occurring in the digester headspace. 
Portable biogas quality monitoring equipment used in the study cost $17,000 and 
required technical expertise for regular calibration and H2S sensor replacements every 3-
6 months for accurate data collection. The farm with in-vessel biological desulfurization 
(SBDS) had previously installed an external BTF to work in conjunction with the in-vessel 
micro-aeration. The BTF unit was abandoned for several years after the farmers 
encountered operational issues that they could not troubleshoot. It is important for 
manufacturers to provide on-field assistance for the maintenance of these systems for 
several years after it is purchased. In addition, one of the farms in the Shelford et al. 
(2019) study had a dedicated operator, and the H2S scrubbing efficiency was 94.5%, 
whereas, the other farm had multiple personnel acting as temporary operators for the BTF 
unit, which contributed to the H2S scrubbing efficiency dropping to 80.1% (Table 3.3) 
[82]. SIOS and SBDS, in this study, did not have dedicated operators maintaining the 
scrubbing systems, and monitoring H2S concentrations in the scrubbed biogas. As a 
result, the scrap iron media for SIOS was not replaced upon saturation and it was 
impossible to determine the effectiveness of the media, leading to poor performance of 
the system (3% removal efficiency). In the case of SBDS, regular maintenance of the air 
flow lines to prevent flow obstruction, and appropriate modification of the air flow rates 
could have resulted in a lower H2S concentration in the biogas.  
















Average Untreated H2S (ppm) 450 ± 42 N/A 2,640 ± 5.85 2,350 ± 5.67 
Average Treated H2S (ppm) 430 ± 41 1,938 ± 65 150 ± 1.84 450 ± 3.42 
Overall removal Efficiency (%) 3.0 N/A 94.5 80.1 
Avg. Mass of H2S removed 
(kg/hr) 
0.0009 N/A 2.37 0.35 
Engine-Generator Capacity 
Factor 
N/A 0.76 0.93 0.68 
*values obtained from [82]. 
In a detailed report compiled by Lusk (1998), it was shown that AD operators 
faced a multitude of problems caused by high H2S content in biogas [97]. Currently, 
managing H2S in biogas is still an issue, as seen from our study results. Based on 
interaction with the participating farmers operating the AD systems, frequent EGS oil 
changes to reduce corrosion instead of managing the H2S scrubbing system was 
considered to be a more practical solution. Libarle (2014) found that most AD technology 
adopters encountered operational and maintenance issues due to a lack of training and 
scientific understanding of the processes involved [98]. Similar issues were observed 
during this study, as the farm owners of the SIOS and SBDS systems encountered several 
hurdles while trying to increase the H2S scrubbing efficiencies of their underperforming 
systems. In addition, the rural locations of the farms limit access to consultants and AD 
experts capable of aiding farmers facing challenges from elevated H2S concentrations in 
the biogas. There seems to be a need for increased assistance (education and outreach 
workshops, free biogas monitoring services, etc.) to impart more technical knowledge to 





3.4 Conclusions:  
The in-vessel air injection system for biological desulfurization had a low capital 
and time investment, with positive but inconsistent H2S removal efficiencies. The iron-
oxide scrubber also had a low time and labor investment, but little to no H2S removal 
efficiencies. The use of the appropriate scrubbing media (commercially available iron 
oxide or iron sponge) for increased reactivity and contact area, instead of scrap iron and 
steel wool could have increased the scrubber performance. The study also showed a 
substantial effect of scrubber operation and management on its performance. H2S 
scrubber systems that were better managed with more time and labor investment have 
shown more efficient and consistent scrubbing performance. Future studies should 
quantify and incorporate long-term costs (5+ years) associated with engine overhauls, 
down-times, repairs, etc. undertaken due to H2S related damage to better understand the 




4 Adsorption of hydrogen sulfide (H2S) in biogas on iron-impregnated 
biochar 
Abstract: 
Hydrogen sulfide (H2S) in biogas is produced during anaerobic digestion of 
organic wastes and can lead to corrosion of generators used for energy production. 
Recently, there has been an interest in utilizing biochar as a substitute for activated 
carbon to adsorb and remove H2S from biogas. The effect of iron (Fe)-impregnation in 
corn stover biochar (CSB) and maple wood biochar (MB) on H2S adsorption capacity 
was investigated using dynamic breakthrough experiments to determine the length of 
time that reduced H2S concentrations could be sustained with each substrate. Activated 
carbon (AC) was used as a control treatment to compare its performance to Fe-
impregnated and raw CSB and MB. Iron impregnated maple biochar (MB-Fe) had the 
highest sorption capacity for sulfur (16.8 ± 0.6 mg S/g biochar), and CSB had the lowest 
(1.67 ± 0.4 mg S/g biochar). Fe-impregnation increased the sorption capacity by a factor 
of 1.9 for Fe-impregnated corn stover biochar (CSB-Fe) (3.19 ± 0.6 mg S/g biochar) 
compared to CSB and by a factor of 4.3 for MB-Fe compared to MB (3.93 ± 0.2 mg S/g 
biochar). Fe-impregnation also led to a higher H2S adsorption capacity for MB-Fe 
compared to AC (3.93 ± 0.3 mg S/g biochar) by a factor of 4.3. The presence of iron 
oxide (Fe3O4) observed through X-ray diffraction and scanning electron microscopy in 
the Fe-impregnated biochars resulted in the formation of ferrous sulfate (FeSO4) as the 




Biogas produced from anaerobic digestion (AD) consists of 55 - 70% methane 
(CH4), which can be used as a source of renewable energy but also contains carbon 
dioxide (CO2) (30 -  45%) and traces of hydrogen sulfide (H2S) (0.01 – 1%) [99]. H2S 
can corrode piping, mixing motors, and electric generator sets that convert CH4 into 
electricity. Market available solutions to reduce the high H2S concentrations in biogas 
can have high capital costs, operating costs, and/or unpredictable efficiencies [82,100]. A 
possible alternative could be the use of a carbon-based adsorbent (biochar or activated 
carbon) to capture H2S from biogas in an external scrubbing column [100]. 
Biochar is produced through thermal degradation of biomass under an oxygen-
starved environment (pyrolysis) or in a low oxygen environment (gasification) at 
temperatures less than 700 °C [27]. It is a carbonaceous solid with an energy density (18 
MJ/kg) similar to pulverized coal [28]. Biochar can be regarded as a precursor to 
activated carbon, which requires a further activation step using either steam or chemicals. 
The activation step is intended to increase the surface area for use in industrial processes, 
such as filtration/adsorption [29]. In addition to the activation step, differences in biochar 
and activated carbon arise from the raw material used for preparation and its end use. 
Biochar is predominantly prepared from biomass sources, while activated carbon can be 
prepared from both coal and biomass sources [101]. The primary role of activated carbon 
is adsorption of pollutants and contaminants, while the end use of biochar was primarily 
envisioned as a soil amendment [29]. However, recent research has focused on the 
adsorption capabilities of biochar. Activated carbon has been used as an adsorbent for 
H2S in biogas after dosage of iron chloride (FeCl3) into the digester for enhanced 
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desulfurization (<10 ppm), as only FeCl3 dosage did not achieve low and stable H2S 
concentrations [20]. Biochar could be seen as a cheaper scrubbing solution, as there are a 
variety of raw waste materials that could be used, and the production of biochar below 
700 0C is more energy-efficient and less cost-intensive than activated carbon production 
[27]. The lower preparation temperatures of biochar in comparison to activated carbon, 
and no requirement of any activation steps has shown that biochar ($0.35 - $1.2/kg) is 
comparatively cheaper than powdered activated carbon ($1.1 - $1.7/kg) [101]. 
 There has been limited investigation into H2S removal from biogas using biochar, 
with prior work showing that surface properties of the biochar were an important 
parameter in the effectiveness of biochar in removing H2S [32,33,35]. Shang et al. (2013) 
prepared biochar from camphor, bamboo, and rice hull and compared H2S removal 
efficiencies to activated carbon and found higher adsorption of H2S on the biochar 
surface compared to activated carbon, with the H2S removal efficiency increasing as the 
pH of the biochar increased. The authors hypothesized that the low pH of activated 
carbon compared to biochar and the formation of sulfuric acid on its surface were the 
primary reasons for its lower adsorption capacity. However, the study used a H2S 
concentration of 50 ppm, while the concentration of H2S in most dairy manure digesters 
vary from 600 ppm – 8,000 ppm [82]. Xu et al. (2014) and Kanjanarong et al. (2017) 
used manure-derived biochar and mixed-wood derived biochar, respectively, for H2S 
adsorption and achieved >97% removal efficiencies for concentrations varying from 100 
– 10,000 ppm [33,35]. Both studies highlighted that the alkaline nature of the biochar was 
an important factor for the high removal efficiencies, but they did not specifically 
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investigate the reaction behavior of H2S with biochar samples having an acidic surface 
pH to determine if it is necessary for biochar to be alkaline in nature, for H2S adsorption. 
 The catalytic activity and selectivity towards sulfur have been reported to be 
improved by impregnation of transition metal salts, such as iron (Fe), copper (Cu), and 
zinc (Zn), in activated carbon, which enhanced H2S adsorption capacities with only a 
small additional cost [102,103]. Carbon-based adsorbents impregnated with metal salts 
from aqueous solutions have been shown to increase selectivity towards acidic gases. 
Impregnation of activated carbon with FeCl3 was shown to improve the H2S adsorption 
capacity by 14% [104]. However, the authors conduced the experiments at elevated 
temperatures (400 °C) using H2S concentrations of 100 ppm. Biochar impregnated with 
Fe salts has been used to remove toxic heavy metals, such as arsenic and chromium, from 
aqueous solutions [46,47]. However, to the best of our knowledge, there has not been a 
study on the use of Fe impregnated biochar for gaseous H2S adsorption at room 
temperatures. 
 The objective of this research was to study the effect of iron impregnation on the 
performance of corn stover biochar (CSB) and maple wood biochar (MB) for H2S 
adsorption from biogas. It was expected that the increase in iron content in the biochar 
would enhance the adsorption of H2S through catalytic oxidation [100,105]. The 
maximum adsorption capacity and breakthrough time were evaluated using a dynamic 
breakthrough experiment using biochar in a packed column to remove H2S (1000 ppm) 
from biogas. Additionally, the biochar was characterized using pH, ash content analysis, 
X-ray powder diffraction (XRD), N2 adsorption isotherms for Brunauer–Emmett–Teller 
(BET) surface area, elemental analysis, and scanning electron microscopy with energy 
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dispersive X-ray spectrometry (SEM-EDS) to further understand removal mechanisms. 
Activated carbon (AC) was used as a control treatment to compare its performance to 
iron-modified and unmodified biochar from CSB and MB. 
4.2 Methods:  
4.2.1 Biochar Characterization: 
 The two types of biochar (CSB and MB) were prepared through pyrolysis under 
an inert O2-free atmosphere (using N2 gas) at a final temperature of 500 °C. After the 
final reactor temperature was attained, the material was held at that temperature for 10 
mins (ArtiCHAR, Prairie City, Iowa, USA). The corn stover was obtained from Iowa 
State University’s BioCentury research farm, ground with a hammermill equipped with a 
1/2" screen, and dried to less than 15% moisture. The maple wood biochar was prepared 
from maple sawdust that was previously debarked and ground using a hammermill with a 
1/4” screen. Activated carbon was obtained from a commercial supplier (Darco G-60, 
Fisher Scientific, USA). The corn stover biochar and the maple biochar was chosen to 
help understand the effect of the differences in the biochar characteristics (surface area, 
pore volume, mineral content) on H2S adsorption as CSB was prepared from an 
herbaceous material and MB was prepared from a woody material. 
 Nitrogen adsorption isotherms were measured at 77 K (-196.15 °C) using a BET 
surface area analyzer (ASAP2020 Micromeritics, Norcross, GA, USA) for the biochar 
samples. The samples were heated to 150 °C and degassed under a vacuum of <5 µm Hg 
for six hours. The adsorption isotherms were used to calculate the specific surface area, 
SBET (BET method) in the range of 0.1 < p/p0 < 0.55, and micropore volume Smicro (t-plot 
Method). The topographic analysis and qualitative elemental composition of the biochar 
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surface before and after Fe-modification, and before and after H2S saturation, were 
conducted using SEM-EDS with a magnification range between 2000x and 10000x using 
a XEIA3 FIB-SEM (Tescan, Czech Republic). The powder XRD patterns of the raw, Fe-
impregnated and H2S saturated biochar were recorded using Bruker D8 Advance Powder 
X-ray Diffractometer (Billerica, MA, USA), over a scanning interval (2θ) from 5° to 90° 
with CuKα radiation (λ = 1.54 Å). The carbon (C), hydrogen (H), nitrogen content (N), 
and metal analysis (including heavy metals) of the raw and Fe-impregnated biochar were 
conducted at Soil Control Labs Inc, California, using dry combustion for C, H, N, and 
EPA methods (EPA3050B/EPA 6010, 6020) for metals. Biochar pH was measured as 
described by Rajkovich et al. (2011) [106]. Briefly, 10 g of biochar was mixed with 200 
mL (1:20 ratio) of deionized water and the solution pH was measured after the slurry was 
mixed for 90 mins. The ash content was measured by drying 25.0 g of biochar at 105 °C 
and combusting the dried sample at 550 °C and weighing the ash product.  
4.2.2 Iron impregnation procedure: 
 For impregnation, 10.0 g of biochar was mixed with a solution containing 0.97 
grams of hydrated iron chloride (FeCl3.6H2O) in 200 mL deionized water. The slurry was 
mixed using a magnetic stirrer for 48 hours and then dried in an oven for 24 hours at 105 
°C. The dried composites were rinsed three times with deionized water to remove 
contaminants that can easily leach out and then dried overnight at 105 °C [47]. The Fe-




4.2.3 Experimental set-up for dynamic breakthrough study: 
 The experimental set-up is shown in Figure 4.1. In order to promote chemical 
adsorption along with physical adsorption, the moisture content of the biochar and 
activated carbon samples were increased to 25% by adding deionized water [33,35]. The 
samples were packed into a vinyl tube (25.4 mm internal diameter, 200 mm height) 
strapped to steel rods using zip ties to keep it vertically oriented and plugged using rubber 
stoppers at the top. An air diffuser was connected to the bottom of the tube to ensure 
uniform distribution of biogas. The experiment was conducted at room temperature (25 
°C) in triplicate where 3 g of each adsorbent was packed up to a height of 75 mm in each 
column. Each triplicate run tested one of five adsorbents used in the study (CSB, MB, 
CSB-Fe, MB-Fe and AC). Prior to entering the column, the biogas passed through a 
biogas humidification system to ensure a low, constant moisture in the biogas tested 
(25% relative humidity). Although biogas from an AD system is usually fully saturated 
with moisture, the 25% relative humidity of the biogas maintained the biochar moisture 
content at 25% over the study period. Sampling points near the inlet and outlet of the 
column were added to measure the H2S concentrations before and after treatment. The 
biogas flow rate was kept constant at 100 mL/min using mass flow controllers (MCS-
1SLPM-D/5M, Alicat, USA). The outlet H2S concentrations were tested hourly, and the 
adsorption capacities were calculated from the data obtained when the outlet 
concentration of each reactor exceeded 500 ppm, as most biogas operated engine 
generator sets have an upper H2S tolerance limit of 500 ppm [82]. In order to keep the 
influent H2S concentrations constant, synthetic biogas containing 1000 ppm H2S, 40% 
CO2, and 59.9% CH4 (Airgas, Air Liquide, France) was used for the experiment. Biogas 
74 
 
samples at the inlet and outlet sampling ports were collected in 500 µL syringes and 
tested on an Agilent 7890 gas chromatograph (Agilent, Santa Clara, USA) using a 
thermal conductivity detector (TCD) at a detector temperature of 250 °C and the oven 
temperature at 60 °C with helium as the carrier gas. The adsorption capacity was 







(𝐶𝑖. 𝑡𝑠 −  ∫ 𝐶(𝑡)𝑑𝑡)
𝑡𝑠
0
       (4.1) 
 
 In equation 4.1, x/M is the adsorption capacity (mg/g of sorbent), Q is the inlet 
flow rate (m3/s), Mw is the molecular weight of H2S (g/mol), ω is the weight of biochar in 
the column (g), Vm is the ideal gas molar volume (L/mol), Ci is the inlet concentration 
(ppm), ts is the saturation time (s), and C(t) is the outlet H2S concentration at time = t. 
The integral was calculated using experimental data and numerical methods and input 




Figure 4.1 Laboratory set up for evaluating the efficiency of H2S adsorption using 
biochar 
 
4.3 Results and Discussion: 
4.3.1 Characterization of biochar: 
  The physical and chemical characteristics of CSB and MB are shown in Table 
4.1. MB had lower Fe, magnesium (Mg), potassium (K), N, and phosphorus (P) 
concentrations than CSB, but a higher C and H concentrations. CSB and MB had a BET 
surface area of 23.5 and 161 m2/g respectively, which were within the ranges seen for 
biochar prepared at 500 °C (2 – 400 m2/g), but lower than the surface area of activated 
carbon (>1000 m2/g) [108,109]. The micropore volume followed a similar trend, with 
MB (0.095 cm³/g; 3.5 nm) having a higher pore volume and lower average micropore 
width than CSB (0.011 cm³/g; 6.0 nm). Previous research on activated carbon based 
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adsorbents for H2S adsorption have suggested that carbons which had high pore volumes, 
not high surface areas, achieved higher rates of H2S oxidation [105,110]. Both the 
biochars were alkaline in nature due to the high preparation temperature (500 °C), with 
the pH of CSB higher than MB (10.2 and 9.1, respectively) due to the higher metal 
concentrations and ash content [111]. Recent studies conducted on biochars prepared 
from sewage sludge, anaerobically digested fibers, and agricultural waste have 
highlighted the importance of the alkaline surface as it aids in the dissociation of H2S for 
further oxidation reactions [32,112]. Even though these studies attributed a higher H2S 
adsorption capacity to the biochar pH, the sample size of tested biochars from different 
agricultural biomasses was small (2 – 3). 
 
Table 4.1 Physical and chemical properties of the two biochar types and AC obtained 




Maple Biochar (MB) Activated Carbon (AC) 
C (%) 62.9 81.5 N/A 
H (%) 3.1 3.4 N/A 
N (%) 0.95 0.55 0.91 
P (%) 0.21 0.05 0.14 
K (%) 2.34 0.49 0.15 
S (%) 0.04 0.02 0.12 
Ca (%) 1.45 0.96 0.49 
Mg (%) 0.31 0.09 0.11 
Zn (ppm) 56 43 14 
Fe (ppm) 5500 1100 423 
Cu (ppm) 12 9.2 8 
pH 10.2 9.10 8.3 
Ash (%) 29.6 5.8 3.5 




 The carbon content of both biochars were >50%, with MB (81.5%) having a 
higher C content than CSB (62.9%). The higher ash content in CSB (29.6%) was 
composed mostly of silica, as previously reported by Shen et al. (2015) and validated by 
the intense peaks associated with silica in the SEM-EDS and XRD data (Figure 4.2) [42]. 
Zhao et al. (2018) prepared biochar from corn straw at 500 °C with similar 
physicochemical parameters (61.8% C, 20.7% ash, and a surface area of 7.7 m2/g) [113]. 
Similarly, maple biochar prepared by Wang et al. (2015) at 500 °C with a residence time 
of 30 mins had a carbon content of 78.9%, 1.4% ash content, and a surface area of 257 
m2/g [114]. The EDS data verified that the biochar was primarily composed of carbon 
with smaller amounts of calcium (Ca), magnesium (Mg) and oxygen (O) in MB 
compared to CSB. The high Ca content in both biochars was mostly in the form of 
CaCO3, with intense peaks at 2θ = 28.3° and 29.4°. Mineral content (from EDS analysis) 
and speciation (from XRD analysis) are important factors to consider since oxides of 
metals such as Fe, Mg, Ca, and K, can enhance the catalytic oxidation properties of a 


















Figure 4.2 SEM image (A) and EDS data (C) of maple wood biochar (MB) and SEM 
image (B) and EDS data (D) of corn stover biochar (CSB). The EDS data is shown for 
the red marked points on the SEM images. 
 
 The SEM images and EDS data for impregnated CSB-Fe and MB-Fe shown in 
Figure 4.3 highlight the higher Fe concentrations compared to the unmodified CSB and 
MB. Due to the acidic nature of FeCl3, the pH decreased with the increasing Fe 
concentrations to 2.8 for CSB-Fe and 6.97 for MB-Fe. The Fe concentrations increased 
from 5,500 (CSB) to 17,700 ppm in CSB-Fe, and from 11,000 (MB) to 29,700 ppm in 
MB-Fe. The impregnation process also changed the micropore volumes of the biochars. 
MB-Fe had a 58% lower micropore volume (0.04 cm3/g) compared to MB, while CSB-Fe 
had a 64% lower micropore volume (0.004 cm3/g) compared to CSB. Micropore volume 
decreases in biochar due to impregnation can be attributed to the blockage of micropores 
by the impregnating agent and a change in the pore size distribution [115]. The surface 











The contrasting effect could be due to the difference in distribution of the resulting Fe-
composites on the biochar surface and pores of CSB-Fe and MB-Fe. The XRD spectra 
showed the formation of Fe3O4 crystals on both CSB-Fe and MB-Fe, but MB-Fe had 
additional crystals of FeO(OH) that may have lowered the surface area since they are 















Figure 4.3 SEM image (A) and EDS data (C) of iron (Fe) impregnated maple biochar 
(MB-Fe) and SEM image (B) and EDS data (D) of Fe impregnated corn stover biochar 
(CSB-Fe). The EDS data is shown for the red marked points on the SEM images. 
 
4.3.2 H2S adsorption capacity in the dynamic system: 
 The breakthrough time (the time when the first non-zero H2S concentration was 
detected in the outlet) was the longest for MB-Fe (300 mins), and shortest for CSB, with 
a breakthrough time of 10 mins (Figure 4.4; Table 4.2). As a result, the breakthrough 
capacity was the highest for MB-Fe (15.2 mg ± 0.0 S/g biochar), and the lowest for CSB 
(0.51 ± 0.0 mg S/g biochar). The final adsorption capacity also followed a similar pattern 
(Table 4.2), with MB-Fe having the highest sorption capacity for sulfur (16.8 ± 0.6 mg 
S/g biochar), and CSB having the lowest (1.7 ± 0.4 mg S/g biochar). Iron impregnation 
increased the sorption capacity by a factor of 1.9 for CSB-Fe (3.2 ± 0.4 mg S/g biochar) 
compared to CSB and by a factor of 4.3 for MB-Fe compared to MB (3.9 ± 0.2 mg S/g 











MB) were within range of results reported by Sethupathi et al. (2017), with a gas mixture 
of H2S (3000 ppm), CO2 (40%), and CH4 (59.7%) and biochars prepared from locally 
available woody and herbaceous substrates (Perilla leaf, Korean oak, Japanese oak, and 
soybean stover) at temperatures ranging from 400 to 700°C [117]. In their study, the H2S 
adsorption capacities ranged from 0.6 - 7.1 mg S/g biochar with the perilla leaf biochar 
(prepared at 700 °C) having the highest adsorption capacity and the Japanese oak biochar 
(prepared at 500 °C) having the lowest sulfur capacity. The results, however, were not 
predictable prior to the start of the experiment since adsorption capacities depend on 
biochar surface characteristics, and experimental conditions. The limited number of 
studies on biochar have reported H2S adsorption capacities up to 273 mg S/g of biochar 
and the results in the current study were at the lower range of adsorption capacities 
reported for biochar in the literature [33,100,112]. However, it should be noted that the 
study is limited in scope since the experiments were conducted on single batches of the 
unimpregnated and the Fe-impregnated biochars and as such, the variability that could 
arise from the preparation process (pyrolysis and Fe-impregnation), and sample size of 
biomass, is not highlighted. Even if the biochars were prepared under the same conditions 
within the reactor, the inherent differences in mineral content in the biomass obtained 




Figure 4.4 Breakthrough curves for H2S adsorption on raw and Fe-impregnated corn 
stover biochar (CSB and CSB-Fe), maple biochar (MB and MB-Fe) and activated carbon 
(AC), where C/C0 is the ratio of the outlet to the inlet H2S concentration. 
 












Corn stover biochar 
(CSB) 
38 ± 9.3 1.7 ± 0.4 10 ± 0 0.51 ± 0 
Maple biochar (MB) 




78 ± 10 3.2 ± 0.4 30 ± 0 1.5 ± 0 
Iron-impregnated 
maple biochar (MB-Fe) 
438 ± 13 16.8 ± 0.6 300 ± 0 15.2 ± 0 
Activated carbon (AC) 
96 ± 6.7 3.9 ± 0.3 60 ± 0 3.0 ± 0 
 
 The H2S adsorption capacity of AC (3.9 ± 0.3 mg S/g biochar) in our study was 
comparable to the H2S adsorption capacities of MB, but higher than the CSB by a factor 
84 
 
of 2.35. The adsorption capacity for Darco AC reported by Balsamo et al. (2016) with a 
gas mixture of 3000 ppm H2S in N2 was 6.8 mg S/g biochar [118]. It is likely that the 
adsorption capacity of AC in the present study would be comparable to the results seen in 
the aforementioned study if the AC was allowed to be completely saturated with H2S. 
Iron impregnated MB had a higher H2S adsorption capacity compared to AC by a factor 
of 4.3. Additionally, unmodified MB had a comparable H2S adsorption capacity 
compared to AC. Even though AC had a much larger surface area (> 1000 m2/g) 
compared to both unmodified (161 m2/g for MB) and Fe-impregnated biochar (59.8 m2/g 
for MB-Fe), it did not have a higher adsorption capacity. This result suggests that even 
though surface area is an important parameter, it is not the most important factor for H2S 
adsorption in carbon-based adsorbents. It has been reported that the amount of surface 
area on a microporous carbon surface has no effect on the oxidation of H2S, and can only 
aid in physical adsorption [110]. Sun et al. (2016) reported that the removal of H2S by 
biochar is not controlled by the pore filling physisorption process that is commonly used 
to determine surface area by N2 adsorption on the adsorbent [119].  
 In our study, the confirmation of the presence of Fe3O4 in CSB-Fe and MB-Fe 
highlighted the importance of reactive oxides on the biochar surface, as a multifold 
increase in H2S adsorption capacity was observed, likely due the chemical oxidation via 
redox reactions of the reactive oxides with H2S [105]. The Fe oxides from the 
impregnation process were primarily deposited on the biochar surface and pores and 
significantly affected the H2S adsorption capacity. The quantity of Fe oxide composites 
on the surface of CSB-Fe (12,200 ppm) was 57% lower than the amount deposited on 
MB-Fe (28,600 ppm) and led to a 66% decrease in the adsorption capacity of CSB-Fe 
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compared to MB-Fe. Huang et al. (2006) conducted similar studies on Cu impregnated 
activated carbon and found that increasing the Cu content from 16,000 ppm to 40,000 
ppm resulted in an increase in H2S adsorption capacity from 20.3 mg S/g AC to 46.4 mg 
S/g AC [120]. Lee et al. (2017) showed that Fe hydroxide composites impregnated in 
activated carbon promoted increased reactivity and adsorption capacity for H2S. In their 
study, an H2S adsorption capacity of 171 mg S/g AC was observed, on 70% (by mass) 
FeO(OH) dispersed in 30% (by mass) AC, while the unmodified AC had an adsorption 
capacity of 12 mg S/g AC [116].   
 The pH of the biochar in our study ranged from 2.8 (CSB-Fe) to 10.2 (CSB), with 
the Fe-impregnated biochars exhibiting an acidic or neutral pH (MB-Fe pH: 6.97). Xu et 
al. (2014) proposed that the mechanism for H2S adsorption on biochar was similar to the 
one proposed by Adib et al. (1999, 2000) and Boppart (1996) for activated carbon, which 
stated that the efficiency of the adsorption process was dependent on the attachment of 
H2S molecules on the biochar surface [30,31,35,110]. They also suggested that features 
of activated carbon surfaces, such as local environment of acidic/basic groups along with 
the presence of alkali metals, are important to the oxidation process of H2S. The proposed 
mechanism of H2S removal using activated carbon involve: 1) H2S adsorption on the 
activated carbon surface, 2) gaseous H2S dissolution in the water film on the carbon 
surface, 3) dissociation of adsorbed H2S in the water film into H
+ and HS-, 4) reaction of 
adsorbed O2 and H2S with the formation of elemental sulfur or sulfur dioxide, and 5) 
further oxidation of SO2 to H2SO4 in the presence of water and metal impurities that 
promote catalytic oxidation. Shang et al. (2013) compared H2S removal from biochar and 
activated carbon and observed a significant increase in the adsorption capacity of biochar 
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compared to activated carbon [32]. In their study, they highlighted the importance of pH 
as the dominant factor in H2S adsorption and found that an increase in biochar pH 
seemed to correlate with the increase in the adsorption capacity. In our study, biochar pH 
was not the dominant factor, as MB and AC had lower pH values (9.1 and 8.3, 
respectively), yet, outperformed CSB (pH = 10.2) in H2S adsorption capacity. It is more 
likely that a pH higher than the pKa1 (7.2) of H2S is sufficient to allow the dissociation of 
H2S in the water film on the unmodified biochar or AC surface for further reaction, but 
the presence of reactive oxygen and metal oxides was likely the primary driver for further 
catalytic oxidation and increased effectiveness. The acidic pH of CSB-Fe (2.8), which 
was lower than the first ionization dissociation constant (pKa1) of H2S (7.2), did not lead 
to a lower H2S adsorption capacity, either. The higher H2S removal could be due to the 
reactive nature of Fe3O4 and its direct reaction with dissolved gaseous H2S in the water 
film, as opposed to reaction with HS-, as reactive oxides on carbon-based adsorbents with 
a high affinity for sulfur (such as CuO) are known to exhibit that property [121]. 
 Bamdad et al. (2017) stated that since biochar has a heterogeneous surface with 
many different functional groups, it is complicated to predict a suitable mechanism for 
the adsorption of acidic gases on the biochar surface [39]. They stated that the original 
mechanism proposed by Adib et al. (1999) for activated carbon is likely the same for 
adsorption of acidic gases on biochar, with differences created by the presence of alkali 
metals and basic functional groups in biochar [30]. Sun et al. (2016) compared the H2S 
adsorption performance of biochar to AC and found that adsorption capacity of biochar 
(70 mg S/g biochar) was 3.7 times higher than AC (19 mg S/g AC) [119]. Ciahotný et al. 
(2019) also reported that H2S adsorption on AC is primarily a physical process that takes 
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place mostly because of van der Waals force interactions [121]. Both biochars used in our 
study had higher metal concentrations compared to AC (Table 4.1) that should have aided 
in the process of chemical oxidation in addition to the physical adsorption process. In 
addition, CSB had higher alkaline metal (Ca and K) concentrations compared to both MB 
and AC. However, the H2S adsorption capacity of CSB in the current study was 56.4% 
lower than both AC and MB. This is most likely due to the chemical form of K and Ca on 
the biochar surface. The XRD results showed that K was primarily present as KCl and Ca 
as CaCO3. KCl, being a neutral salt, would not participate in an acid-base reaction with 
H2S. On the other hand, CaCO3 can participate in an acid-base reaction with H2S, but it 
cannot catalytically oxidize H2S to elemental sulfur/sulfate like its oxide form (CaO), and 
once it is exhausted further reaction with H2S is not possible [105]. In addition, the 
micropore volume of MB (0.095 cm³/g) was 8.6 times higher than the pore volume of 
CSB (0.011 cm³/g), and micropore volume has been reported to increase H2S oxidation 
reaction rates [110]. The results from our study provide evidence to the fact that the 
speciation of the mineral content in the biochar is important to consider, possibly more 
than the total mineral content for H2S adsorption, and the need for detecting and taking 
into account the effect of micropore volume on H2S oxidation. 
 
4.3.3 XRD and SEM Results: 
 The XRD spectra of the fresh and the H2S saturated biochar show the qualitative 
changes in the mineral composition and speciation before and after the experiment. Since 
biochar is primarily amorphous in nature, the XRD spectra produced two broad peaks, 
while the crystalline components are illustrated by the sharp peaks. The oxides in MB 
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and CSB were mostly in the form of quartz SiO2 (as shown by the XRD results in Figures 
4.5 – 4.8), a very stable, non-porous and unreactive oxide and most likely did not take 
part in the oxidation process of H2S to elemental sulfur or sulfates. It is also important to 
note that the inherent Fe content of the biochar was not a factor in H2S adsorption in CSB 
and MB, as CSB had five times more Fe content (5,500 ppm) and yet, had a lower H2S 
adsorption capacity.  
 The lower fraction of inorganic components in MB led to fewer and smaller 
peaks, mostly in the form of CaCO3 and some SiO2. The alkaline nature of the 
unmodified biochars can be attributed to CaCO3. The Fe-impregnated biochar samples, 
CSB-Fe and MB-Fe, however, did not have any CaCO3 peaks, and likely led to the 
lowering of biochar pH after the impregnation process. The Fe composites existed as 
Fe3O4 in both Fe-impregnated biochars, but MB-Fe had detectable concentrations of 
FeO(OH) as well. The identity of other Fe-composites on the biochar surface could not 






Figure 4.5 XRD spectra for fresh and H2S saturated corn stover biochar (CSB), where 
the peaks mainly show the presence of silica (SiO2), calcium carbonate (CaCO3), and 
potassium chloride (KCl).  
 
Figure 4.6 XRD spectra for fresh and H2S saturated maple biochar (MB), where the 
peaks mainly show the presence of calcium carbonate (CaCO3). Sulfur peaks were not 
detected. 






















Figure 4.7 XRD spectra for fresh and H2S saturated Fe impregnated corn stover biochar 
(CSB-Fe), where the peaks mainly show the presence of silica (SiO2), and magnetite 
(Fe3O4) in the fresh CSB-Fe. The presence of ferrous sulfate heptahydrate (FeSO4.7H2O) 
is seen at 2 theta = 18.3° and 23.8° in H2S saturated CSB-Fe. 
 
Figure 4.8 XRD spectra for fresh and H2S saturated iron impregnated maple biochar 
(MB-Fe), where the peaks show the presence of magnetite (Fe3O4), and iron oxide-





















hydroxide (FeO(OH)) in the fresh MB-Fe. The presence of ferrous sulfate heptahydrate 
(FeSO4.7H2O) is seen at 2 theta = 18.3° and 23.8° in H2S saturated MB-Fe. 
 
 Crystalline elemental sulfur was detected at 2 theta (diffraction angle) = 27.7° in 
the H2S-saturated CSB sample, but not in the MB sample. Kanjanarong et al. (2017) 
conducted XRD analysis on biochar present at the bottom of the column, as it was 
exposed to the incoming H2S for the longest period of time and detected two strong peaks 
at 2 theta = 25° and 28°, indicating the formation of elemental S [33]. The authors also 
conducted a separate analysis on the biochar from the top of the column and found it to 
be similar to the fresh biochar. The H2S saturated biochar tested in our study was 
completely mixed before the XRD analysis. The spent biochar did not show high 
concentrations of crystalline sulfur compounds, which can be detected by XRD, which 
indicates that the sulfur was primarily present in its amorphous form, which cannot be 
detected by XRD. Xu et al. (2014) attempted an additional study using a static H2S 
adsorption test that allowed for a longer contact time and a higher retention of sulfur in 
the biochar [35]. They observed a disappearance of the KCl peak due to its reaction with 
the sulfates produced from H2S oxidation. In our study, the intensity of the KCl peak 
decreased but did not disappear completely, indicating lower amounts of potassium 
sulfate (K2SO4) formation due to the lower amounts of H2S adsorbed in our dynamic 
study compared to the results obtained by Kanjanarong et al. (2017) and Xu et al. (2014) 
[33,35]. In CSB-Fe and MB-Fe, hydrated ferrous sulfate (FeSO4.7H2O) peaks were 
observed in the XRD spectra, but no other form of sulfur was detected, which makes it 
likely that hydrated ferrous sulfate was the major crystalline product along with 
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amorphous elemental sulfur. A similar result was observed by Arcibar-Orozco et al. 
(2015) for H2S adsorption on composites of graphite oxide and magnetite (Fe3O4), where 
hydrated ferrous sulfate was detected to be the major crystalline product along with 
amorphous elemental sulfur [122]. 
 The XRD results were in agreement with the results obtained from SEM analysis. 
An H2S saturated biochar (MB) particle is shown in Figure 4.9A. SEM elemental 
mapping (Figure 4.9C) showed uniform distribution of sulfur (pink dots) on the biochar 
surface as well as the pores, but oxygen (yellow dots, Figure 4.9B) was primarily 
concentrated on the surface providing evidence to the possibility of elemental sulfur 
formation in the pores due to limited oxygen diffusion and sulfate formation on the 
surface. Kanjanarong et al. (2017) and Xu et al. (2014) both observed similar results from 
their SEM-EDS results and attributed it to formation of SO4
2- on the surface of the 
biochar and elemental sulfur formation in the pores of the biochar [33,35]. A similar 
distribution of sulfur was seen in the Fe-impregnated biochars as well, with the sulfur 
being attached to Fe and oxygen particles (as FeSO4), the biochar surface (as SO4
2-), as 
well as the pores (elemental S). Combined with the XRD data, it is likely that along with 
FeSO4.7H2O, there were a multitude of other sulfate products formed on the biochar 










Figure 4.9 SEM elemental mapping of H2S saturated biochar (A) showing oxygen (B) 
and sulfur (C) distribution. 
 
4.4 Conclusion: 
 The results of the study showed that Fe-impregnation can be used to significantly 
increase the H2S adsorption capacity of biochar by a factor of 4.3 compared to activated 
carbon. Iron impregnation also increased the H2S adsorption capacity of the biochars by a 
factor of 1.9 – 4.3, when compared to unmodified biochars. Biochar with a 25% moisture 
content containing reactive oxygen or metal oxides favored the conversion of sulfide into 
elemental sulfur and sulfates, thereby, positively affecting the H2S removal capacity. 
Biochar pH was not found to be as important as previously speculated, with the more 
alkaline biochar performing less efficiently. The biochar pH was found to be even less 
important in the case of Fe-impregnated biochars, as they can effectively bypass the H2S 
dissociation step before further reaction, thus shifting the adsorption mechanism. 




the preparation of the Fe-impregnated and unimpregnated biochars into account. Overall, 
the results of our study show that Fe-impregnation was effective in increasing the H2S 
adsorption capacity of biochar. The importance of metal species for the catalytic 
oxidation of H2S was also highlighted in both unmodified and Fe-impregnated biochar, as 
the total metal content may not provide enough information on the H2S adsorption 
capability of the biochar. The results also showed that ferrous sulfate was the major 
crystalline product in Fe-impregnated biochar and provided evidence to observations 
from previous research about the formation of sulfates on the biochar surface and 
elemental sulfur inside the pores.  Further studies should be conducted on the effect of 
increasing iron loading on the biochar surface and the impregnation of other transition 
metals to improve the efficiency of H2S adsorption and better understand the reaction 




5 Impact of biochar addition on H2S production from anaerobic 
digestion 
Abstract: 
The effect of two types of biochar addition (corn stover biochar (CSB) and maple 
biochar (MB)) to remove H2S in the biogas produced from an anaerobic digester was 
evaluated in lab-scale systems. The study evaluated the effect of 1) different biochar 
concentrations, 2) different biochar particle sizes, and 3) iron-impregnated biochar for 
two different biochar types on H2S production. At the highest biochar dose (1.82 g 
biochar/g manure total solids (TS)), only 35.4 ± 5.8 mL and 30.9 ± 2.4 mL H2S/kg 
volatile solids (VS) was produced for MB and CSB, respectively, resulting in an average 
H2S removal efficiency of 90.5%, compared to the control treatment (351 ± 9.4 mL 
H2S/kg VS). No significant effect of particle size was observed in biochar treated reactors 
(0.5 g biochar/g manure TS), with a H2S removal efficiency ranging from 26% - 43%. 
The Fe-impregnated biochar (0.5 g biochar/g manure TS) treated reactors had no H2S 
detected in the CSB-Fe system, and 51.3 ± 3.7 mL H2S/kg VS for MB-Fe, resulting in an 
H2S removal efficiency of 98.5%, compared to the control, with 2025 ± 33 mL H2S/kg 
VS. Methane in the biochar and control treatments did not vary significantly from each 
other in all three experiments. The results show that biochar addition in anerobic 
digesters was able to significantly reduce H2S production, without affecting CH4 
production. However, an economic analysis showed that biochar addition was not cost 




Biogas produced from anaerobic digestion (AD) consists of 55 - 70% methane 
(CH4), which can be used as a source of renewable energy but also contains carbon 
dioxide (CO2) (30 -  45%) and traces of hydrogen sulfide (H2S) (0.01 – 1%) [99]. H2S gas 
can corrode piping, mixing motors, and electric generator sets that convert CH4 into 
electricity. Market available H2S scrubbers to reduce high H2S concentrations in biogas 
can have high capital costs, operating costs and/or unpredictable efficiencies [82]. Iron 
oxide scrubbing systems can have capital costs and operating costs ranging from $0.01 – 
0.05 per m3 of biogas treated, and the costs for biotrickling filters can range from $0.01 – 
0.03 per m3 of biogas treated [15,82,123]. A possible alternative could be the addition of 
a carbon-based material (biochar or activated carbon) to the anaerobic digester for in-situ 
capture of H2S and simultaneous enhancement of CH4 production. 
Addition of carbon-based conductive materials, such as activated carbon (AC), 
into anaerobic digesters has led to shorter lag phases and increased CH4 production from 
anaerobic digestion, in addition to other benefits such as higher resistance to AD 
inhibition [124]. These benefits have been attributed to a phenomenon called direct 
interspecies electron transfer (DIET) [124–127]. Conventionally, IET or interspecies 
electron transfer is a primary route for CH4 production, where hydrogen (H2) acts as the 
electron carrier between fermentative bacteria and methanogenic archaea [124]. 
Fermentative bacteria produce H2 by breaking down volatile fatty acids, and 
hydrogenotrophic methanogens use that H2 to reduce CO2 and produce CH4. Several 
authors have studied the addition of granular activated carbon (GAC) in anaerobic 
cultures and provided evidence that using conductive materials can bypass the use of H2 
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as the indirect carrier of electrons by promoting DIET [124,128]. Liu et al. (2012) 
suggested that the high conductivities of GAC (3000 µS/cm) resulted in enhanced 
methanogenesis by providing an electrical connection between fermentation bacteria and 
CH4-producing archaea [129].   
 Biochar is another carbon-based material that is produced via thermal degradation 
of organic material under limited oxygen (pyrolysis) at temperatures between 100 °C and 
700 °C [27]. due to the lower preparation temperatures of biochar in comparison to 
activated carbon and the lack of activation step requirement, studies have shown that 
biochar ($0.35 - $1.2/kg) is comparatively cheaper than powdered activated carbon ($1.1 
- $1.7/kg) [101]. Recent studies have investigated the direct addition of biochar into  
anaerobic digesters [28,40–42,130]. These studies focused on increasing the CH4 content 
or digestion stability upon addition of the biochar but did not monitor or did not focus on 
the effect of biochar addition on H2S production.   
In a study by Shen et al. (2015), adding biochar made from corn stover directly to 
an anaerobic digester treating municipal wastewater resulted in an 86% reduction in CO2 
in the biogas, producing biogas with more than 90% CH4 and less than 5 parts per billion 
H2S [42]. The experiments were conducted using thermophilic conditions, with a 
concentration of initial H2S (90 ppm) that was lower than the concentrations associated 
with biogas from dairy manure digesters (1000 – 8000 ppm) [82]. In dairy manure 
digesters, the TS concentration can vary from 1% to 10%, which would result in large 
quantities of biochar being to the digesters that could reduce the effective volume for 
substrate treatment. A lower biochar concentration that adequately desulfurizes biogas, 
while also providing a measure of CO2 sequestration may be better for on-farm dairy 
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manure digesters. Shen et al. (2016) conducted another study using pine and white oak 
biochar addition to digesters to increase the percent CH4 in the biogas stream by 
sequestering CO2 in mesophilic and thermophilic conditions [28]. The study showed an 
average CH4 content of 92.3% (pine biochar) and 89.8% (white oak biochar) in the 
biochar-amended digesters under mesophilic conditions, but there was no information on 
the H2S content in the biogas. Both studies analyzed the particle size distribution of the 
biochar but did not investigate the effect of different biochar particle sizes on CH4 
production. The study also showed that biochar addition did not impact the total nitrogen 
(N) and phosphorus (P) under both mesophilic and thermophilic conditions. Studies have 
also shown that biochar can be used to uptake metal, organic, and inorganic contaminants 
from soil and water, and surface modified biochar can lead to enhanced uptake of these 
contaminants [115,131]. Iron (Fe) salts are commonly used for in-situ precipitation of 
H2S in anaerobic digestion [64]. It is likely that surface modification of the biochar 
through Fe impregnation could significantly enhance its H2S adsorption capacity. To the 
best of our knowledge, a study focusing on the use of biochar and Fe-impregnated 
biochar as additives, specifically, for CH4 enhancement and H2S reduction from biogas 
produced by dairy manure digestion at mesophilic temperatures, does not exist.  
The overall aim of the study was to test the applicability of corn stover biochar 
(CSB) and maple wood biochar (MB) as additives in dairy manure digestion for in-situ 
desulfurization of biogas under mesophilic conditions. The study investigated the effect 
of 1) four biochar concentrations, 2) three particle sizes, and 3) surface modification 
through Fe impregnation on CH4 and H2S production, ammonium N (NH4-N), and 
dissolved phosphorus (P) removal and possible enhancement of CH4 formation through 
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DIET. A control experiment using sodium sulfide (Na2S) solution and biochar was also 
conducted in order to understand the process of soluble sulfide removal using biochar in 
an aqueous solution. Finally, a cost analysis was conducted to determine if biochar 
addition into a digester for H2S control was cost competitive compared to market 
available H2S removal technologies. 
 
5.2 Materials and Methods: 
5.2.1 Biochar characterization and properties: 
The two types of biochar (CSB and MB) were prepared through pyrolysis under 
an inert O2-free atmosphere (using N2 gas) at a final temperature of 500 °C. After the 
final reactor temperature was attained, the material was held at that temperature for 10 
mins (ArtiCHAR, Prairie City, Iowa, USA). Each biochar was tested for mineral 
composition and pH, and then characterized using five methods (described in Section 
2.6): 1) N2 adsorption isotherms for BET surface area, 2) Fourier Transform Infrared 
Spectroscopy (FTIR) for qualitative detection of functional groups, 3) Scanning Electron 
Microscopy (SEM) for imaging of the biochar surface, 4) zeta potential for biochar 
surface charge, and 5) electrical conductivity. The corn stover biochar was chosen to 
allow a comparison to the study conducted by Shen et al. (2015). The maple biochar was 
tested for comparison to CSB, since it was expected that the differences in the biochar 
characteristics (surface area, pore volume, mineral content) would lead to differences in 
the biogas desulfurization inside the digester. 
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5.2.2 Sulfide Removal Tests: 
The soluble sulfide removal experiment using biochar was a modified version of 
the tests conducted by Lupitskyy et al. (2018) for sulfide removal using zinc nanowires 
[64]. In the experiment, a solution of 500 mg/L S2- was prepared by dissolving 1.875 g of 
Na2S in 500 mL deionized water. These tests were conducted with a biochar 
concentration of 1 g/L. Both CSB and MB along with their respective Fe-impregnated 
counterparts (CSB-Fe and MB-Fe) were used for this experiment (see Section 5.2.5 for 
impregnation process description). The slurry was mixed for 15 hours (overnight) at 
room temperature using magnetic stirrers. The samples were then filtered using vacuum 
filtration to separate the biochar and the solution. The biochar was then characterized 
using SEM and XRD. The filtrate was tested for sulfide concentrations using HACH 
Method 10254 for high range sulfide concentrations.  
5.2.3 Effect of biochar concentration (Experiment 1): 
The effect of biochar concentration on H2S production was conducted using 
unseparated liquid manure as the manure substrate and anaerobic digester effluent as the 
inoculum source collected from a covered lagoon digester at Kilby dairy farm in Rising 
Sun, MD. The farm co-digested 98% (by vol) flushed dairy manure and 2% (by vol) 
organic substrates containing cranberry waste, chicken fat, meatball fat and ice-cream 
waste, which was characterized by Lisboa et al. (2013) [7]. The flushed liquid manure 
and inoculum had total solids (TS) values of 7.03 g/L and 8.63 g/L, respectively, and 
volatile solids (VS) values of 4.47 g/L and 5.80 g/L, respectively.  
 The CSB and MB biochar were each tested at four concentrations: 1) 0.1 g 
biochar/g manure TS (CSB-0.1 and MB-0.1), 2) 0.5 g biochar/g manure TS (CSB-0.5 and 
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MB-0.5), 3) 1 g biochar/g manure TS (CSB-1 and MB-1), and 4) 1.82 g biochar/g 
manure TS (CSB-1.82 and MB-1.82). For comparison, the highest concentration (1.82 g 
biochar/g manure TS) in this study was the lowest concentration in the study conducted 
by Shen et al. (2015) [42]. 
5.2.4 Effect of biochar particle size (Experiment 2): 
 The study on the effect of biochar particle size on H2S production was conducted 
using inoculum and unseparated DM obtained from a manure digestion system at the 
USDA Beltsville Agricultural Research Center (BARC) in Beltsville, MD. The 
unseparated DM and inoculum had TS values of 30.5 g/L and 21.4 g/L, respectively, and 
VS values of 22.1 g/L and 13.2 g/L, respectively. Prior to digestion, both biochar types 
(CSB and MB) were segregated into three different particle sizes using a sieve shaker: 
larger biochar particles between 841 µm – 707 µm (CSB-L and MB-L), medium biochar 
particles between 177 µm – 149 µm (CSB-M and MB-M), and small biochar particles 
less than 74 µm (CSB-S and MB-S). Activated carbon (AC) (Darco G-60, Fisher 
Scientific, Ontario, Canada) with a particle size of < 74 µm was also used as a treatment 
to compare its effects on CH4 and H2S production to biochar addition (AC-S). All 
segregated particle sizes of biochar and the activated carbon were added to the digestion 
reactors at a concentration of 0.5 g biochar/g manure TS. 
5.2.5 Effect of biochar surface modification (Experiment 3): 
 The effect of biochar surface modification on H2S production was conducted 
using inoculum and unseparated DM obtained from a mono-digestion system at Mason 
Dixon farm, Gettysburg, PA. The unseparated DM and inoculum had TS values of 57.8 
g/L and 40.8 g/L, respectively, and VS values of 46.8 g/L and 29.9 g/L, respectively. The 
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two biochar surfaces were modified using a pretreatment step for metal impregnation. 
There were two treatments: 1) unmodified biochar (CSB and MB) and Fe-impregnated 
biochar (CSB-Fe and MB-Fe). All biochar substrates were added to the reactors at a 
concentration of 0.5 g biochar/g manure TS. 
 For impregnation, 10 g of biochar was mixed with a solution containing 0.97 
grams of hydrated iron chloride (FeCl3.6H2O) in 200 mL deionized water. The slurry was 
stirred using a magnetic stirrer for 48 hours and then dried in an oven for 24 hours at 105 
°C. The dried composites were rinsed three times with deionized water to remove 
contaminants that can easily leach out, and then dried overnight at 105 °C [47]. 
5.2.6 Experimental Design:  
All three experiments were conducted using 300 ml digestion reactors in batch 
mode. In the experiments, the substrate (dairy manure), digester inoculum, and biochar 
were added into triplicate reactors, purged with N2 gas, capped, and incubated at 35 °C. 
An inoculum to substrate (ISR) ratio of 2:1 was utilized based on the VS concentration. 
Biogas, CH4, and H2S concentrations were monitored at regular intervals until biogas 
production had largely ceased to a daily production at less than 1% of the total biogas 
produced. The quantity of biogas produced was measured using a graduated, gas-tight, 
wet-tipped 50 mL glass syringe inserted through the septa of the BMP bottles and 
equilibrated to atmospheric pressure. Biogas samples were collected in 0.5 mL syringes 
and tested for CH4, CO2 and H2S concentrations on an Agilent 7890 gas chromatograph 
(Agilent, Shanghai, China) using a thermal conductivity detector (TCD) at a detector 
temperature of 250 °C and the oven temperature at 60 °C with helium as the carrier gas. 
The average CH4 production in the triplicates from the inoculum control was subtracted 
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from the other treatments to present the total CH4 production from the waste substrates 
only and subtract the CH4 production attributed to the inoculum source. All cumulative 
CH4 and H2S data presented were normalized by VS addition.  
5.2.7 Analytical Methods: 
5.2.7.1 Biochar testing: 
Nitrogen adsorption isotherms were measured at 77 K (-196.15 °C) using a BET 
Analyzer (ASAP2020 Micromeritics, Norcross, GA) for the biochar samples. The 
samples were heated to 150 °C and degassed under a vacuum of <5 µm Hg for six hours. 
The adsorption isotherms were used to calculate the specific surface area, SBET (BET 
method) in the range of 0.1 < p/p0 < 0.55, and micropore volume Smicro (t-plot Method). 
The topographic analysis and the elemental composition of the biochar surface, 
before and after modification, and after completed digestion was conducted using a 
scanning electron microscopy (SEM-EDS) with a magnification range between 2000x 
and 10000x using a XEIA3 FIB-SEM (Tescan, Czech Republic). Biochar samples were 
mounted on a stub and gold coated prior to viewing. The powder XRD patterns of the 
raw, Fe-impregnated and H2S saturated biochar were recorded using Bruker D8 Advance 
Powder X-ray Diffractometer (Billerica, MA, USA), over a scanning interval (2θ) from 
5° to 90° with CuKα radiation (λ = 1.54 Å). 
The electrical conductivity and zeta potential were measured on the suspensions 
using a Zetasizer Nano ZS90 (Malvern Instruments, Westborough, MA). The zeta 
potential can be used to determine the pH at the point of zero charge (pHpzc), which is an 
important indicator of the biochar surface charge in a solution. For this test, 10 mg of 
biochar samples were added to 100 mL of deionized water. The solution was agitated on 
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a shaker for 24 h at 25 °C. The point of zero charge (pHpzc) was obtained by measuring 
zeta potential values at different equilibrium pH values. The pH was adjusted using 0.05 
M NaOH and 0.05 M HCl. All measurements were conducted in triplicates. 
The carbon (C), hydrogen (H), N content, and metal analysis (including heavy 
metals) of the raw and Fe-impregnated biochar were conducted at Soil Control Labs Inc, 
California, using dry combustion for C, H, N, and EPA methods (EPA3050B/EPA 6010, 
6020) for metals. 
5.2.7.2 Manure sampling: 
All manure and inoculum samples were brought to the laboratory on ice and 
tested for TS and VS within 24 hours in triplicate according to Standard Methods [132]. 
For TS analysis, triplicate 10.0 ml samples were pipetted into pre-weighed porcelain 
crucibles. The samples were then dried at 105 °C until a constant weight was obtained for 
the TS concentration. The crucibles were then placed in a furnace at 550 °C until a 
constant weight was obtained to determine VS concentration. 
For ammonia-N, samples before and after digestion were acidified to pH < 2, and 
centrifuged at 15,000 rpm for 30 min. The supernatant was filtered through a cellulose 
acetate membrane with pore size of 0.45 µm to obtain a filtrate that was analyzed for 
ammonium-N using a Lachat Quikchem 8500 (Method 10-107-06-2-O; Lachat 
Instruments, Loveland, CO). 
Dissolved phosphorus was analyzed by modifying the tests for total phosphorus. 
In the tests, post digested samples were filtered first using 0.45 µm membrane filters to 
prevent possible dissolution of adsorbed and precipitated P species and then acidified to 
pH < 2. The samples were then digested with concentrated sulfuric acid and tested using 
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Method 13-115-01-1-B rev 2006 with the Lachat Quikchem 8500 to obtain the dissolved 
P fraction. 
5.2.8 Cost Analysis: 
 A cost analysis was conducted using data available from literature for iron oxide 
scrubbing systems, biotrickling filters for biological desulfurization, and sodium 
carbonate impregnated activated carbon for H2S adsorption and compared to Fe-
impregnated biochar addition into a digester and in a separate H2S scrubbing system. The 
costs ($) of desulfurization was normalized by the amount of biogas treated for each H2S 
scrubbing technology for a biogas flow rate of 1,350 m3/day with an H2S concentration of 
1000 ppm.  
5.2.9 Statistical Analysis:  
 Statistical analysis was conducted to determine significant differences in CH4, 
H2S, TS, VS, NH4-N, and dissolved P, using t-tests, analysis of variance (ANOVA) and 
Tukey–Kramer multiple comparisons. All p-values <0.05 were considered significant. All 
triplicate values are reported as averages with standard errors (SE). 
5.3 Results and Discussion: 
5.3.1 Biochar Characterization: 
 The physical and chemical characteristic results (Table 5.1) show that MB had 
lower Fe, magnesium (Mg), potassium (K), N, and P concentrations than CSB, but a 
higher C and H concentrations. CSB and MB had a BET surface area of 23.5 and 161 
m2/g respectively, which were within the ranges seen for biochar prepared at 500 °C (2 – 
400 m2/g), but lower than the surface area of activated carbon (>1000 m2/g) [108,109]. 
The micropore volume followed a similar trend, with MB (0.095 cm³/g; 3.5 nm) having a 
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higher pore volume and lower pore width than CSB (0.011 cm³/g; 6.0 nm). Both the 
biochars were alkaline in nature due to the high preparation temperature (500 °C), with 
the pH of CSB higher than MB (10.2 and 9.1, respectively) due to the higher metal 
concentrations and ash content [111].  
 
Table 5.1 Physical and chemical properties of the two biochar types and AC obtained 




Maple Biochar (MB) Activated Carbon (AC) 
Carbon (%) 62.9 81.5 N/A 
Hydrogen (%) 3.1 3.4 N/A 
Nitrogen (%) 0.95 0.55 0.91 
Phosphorus (%) 0.21 0.05 0.14 
Potassium (%) 2.34 0.49 0.15 
Sulfur (%) 0.04 0.02 0.12 
Calcium (%) 1.45 0.96 0.49 
Magnesium (%) 0.31 0.09 0.11 
Zinc (ppm) 56 43 14 
Iron (ppm) 5500 1100 423 
Copper (ppm) 12 9.2 8 
pH 10.2 9.10 8.3 
Ash (%) 29.6 5.8 3.5 
Moisture (%) 1.3 0.8 6.4 
 
 The carbon content of both biochars were >50%, with MB (81.5%) having a 
higher C content than CSB (62.9%). The higher ash content in CSB (29.6%) was 
composed mostly of silica, as previously reported by Shen et al. (2015) and validated by 
the intense peaks associated with silica in the SEM-EDS data (Figure 5.1D) [42]. Zhao et 
al. (2018) prepared biochar from corn straw at 500 °C with similar physicochemical 
parameters (61.8% C, 20.7% ash, and a surface area of 7.7 m2/g) [113]. Similarly, maple 
biochar prepared by Wang et al. (2015) at 500 °C with a residence time of 30 mins had a 
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carbon content of 78.9%, 1.4% ash content, and a surface area of 257 m2/g [114]. The 
EDS data verified that both biochars was primarily composed of C, with smaller amounts 
of calcium (Ca), Mg, and oxygen (O) in MB, compared to CSB.  
 














Figure 5.1 SEM image (A) and EDS data (C) of maple wood biochar (MB) and SEM 
image (B) and EDS data (D) of corn stover biochar (CSB). The EDS data is shown for 
the red marked points on the SEM images. 
 
 The SEM images and EDS data for impregnated CSB-Fe and MB-Fe (Figure 5.2 
C & D) highlight the higher Fe concentrations compared to the unmodified CSB and MB. 
Due to the acidic nature of FeCl3, the pH decreased with the increasing Fe concentrations 
to 2.8 for CSB-Fe and 6.97 for MB-Fe. The iron concentrations increased from 5,500 
(CSB) to 17,700 ppm in CSB-Fe, and from 11,000 (MB) to 29,700 ppm in MB-Fe. The 
impregnation process also changed the micropore volumes of the biochars. MB-Fe had a 
58% lower micropore volume (0.04 cm3/g) compared to MB, while CSB-Fe had a 64% 
lower micropore volume (0.004 cm3/g) compared to CSB. Micropore volume decreases 
in biochar due to impregnation can be attributed to the blockage of micropores by the 
impregnating agent and a change in the pore size distribution [115]. The surface area of 
MB-Fe was reduced by 63%, but the surface area of CSB-Fe increased by 48%. The 











composites on the biochar surface and pores of CSB-Fe and MB-Fe. The XRD spectra 
showed the formation of Fe3O4 crystals on both CSB-Fe and MB-Fe, but MB-Fe had 
additional crystals of FeO(OH) that may have lowered the surface area since they are 















Figure 5.2 SEM image (A) and EDS data (C) of iron impregnated maple biochar (MB-
Fe) and SEM image (B) and EDS data (D) of iron impregnated corn stover biochar (CSB-
Fe). The EDS data is shown for the red marked points on the SEM images. 
 
5.3.2 Sulfide Removal Test Results: 
The results from the sulfide removal test (Table 5.2) showed that biochar can 
effectively remove soluble sulfides in an aqueous medium. MB-Fe (538 mg S2-/g 
biochar) had the highest H2S adsorption capacity, followed by CSB-Fe (476 mg S
2-/g 
biochar), and MB (439 mg S2-/g biochar). CSB had the lowest adsorption capacity (21.6 
mg S2-/g biochar), and iron impregnation increased the adsorption capacity of CSB by a 
factor of 22, likely due to the low initial absorption of CSB. It is important to note that 
the long residence time (15 hours) and vigorous mixing allowed for maximum contact of 
the sulfide species with the biochar surface, resulting in adsorption capacities higher than 











they reported only 10% removal of dissolved sulfides with a residence time of 1 hour, 
which, increased to 67% after a residence time of 15 hours [64].  
 
Table 5.2 Sulfide adsorption capacity of biochar in a model aqueous solution of sodium 
sulfide 
Treatment 




Corn stover biochar (CSB) 21.6 0.55 
Iron impregated corn stover 
biochar (CSB-Fe) 
476 1.77 
Maple biochar (MB) 439 0.11 




Furthermore, the experiment was conducted in a closed aerobic system and the 
proposed mechanism for H2S adsorption on a microporous carbon surface in the literature 
states H2S and O2 can diffuse into the carbon pores after dissolution in the water film on 
the biochar surface [31,110,112]. Oxygen reacts with the dissolved hydrosulfide ions, 
forming elemental sulfur and water, with further catalytic oxidation into sulfate promoted 
by the presence of metals, such as potassium, sodium, magnesium, and iron. Due to the 
longer residence time and presence of oxygen, the H2S removal capacity of the biochar 
was enhanced compared to H2S adsorption in a biogas scrubbing column, where oxygen 
was limited. It is likely that the residence time, absence of oxygen, and frequency of 
mixing will be limiting factors in a real AD system. The SEM and XRD results (Figures 
5.3 and 5.4) of MB-Fe highlight the presence of iron and sulfur particles primarily in the 
form of FeSO4.7H2O, indicating catalytic oxidation of sulfide into sulfate as one of the 
reaction pathways. The presence of sulfur was also seen in the SEM results for MB and 
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CSB, but the XRD results did not detect the presence of crystalline sulfur, indicating that 
elemental sulfur formed was in its amorphous state [33].  
 
 
Figure 5.3 SEM image (A) and EDS data (B) of iron impregnated maple biochar (MB-
Fe) after sulfide adsorption from model Na2S aqueous solution. The EDS data is shown 














Figure 5.4 XRD spectra for H2S saturated iron impregnated maple biochar (MB-Fe). The 
presence of ferrous sulfate heptahydrate (FeSO4.7H2O) is seen at 2 theta = 18.3° and 
23.8°. 
 
5.3.3 Effect of biochar concentration (Experiment 1): 
Addition of biochar to the reactors significantly decreased the H2S production 
compared to the DM control (p-value < 0.0001). The normalized H2S concentration in the 
biogas decreased as the concentration of biochar increased in the treatments. When no 
biochar was added into a digester, 351 ± 9.4 mL H2S/kg VS was produced. At the highest 
concentration of biochar added (1.82 g biochar/g manure TS), only 35.4 ± 5.8 mL H2S/kg 
VS was produced for MB and 30.9 ± 2.4 mL H2S/kg VS was produced for CSB, a 
reduction of 90 and 91%, respectively (Figure 5.5). The total volume of H2S reduction 
increased with increasing concentration of biochar added, but the increase was 









logarithmic, not linear (R2 = 0.996 for CSB and 0.999 for MB). In order to obtain 99% 
percent removal of H2S, the required increase in the biochar concentration would be 42%.  
 
      
Figure 5.5 Cumulative hydrogen sulfide (H2S) production normalized by kilograms of 
volatile solids (VS) with different biochar concentrations, with dairy manure (DM). Corn 
stover biochar (CSB) and maple biochar (MB) coupled with the different tested 
concentrations (0.1, 0.5, 1, 1.82 g/g manure TS) are used to differentiate each treatment. 
 
Lower concentrations of added biochar (0.1, 0.5, and 1 g/g manure TS) were not 
able to completely reduce H2S concentrations. The presence of organic molecules in the 
manure can lead to steric hindrance on the binding sites, thereby, reducing the amount of 
cations and anions adsorbed on the biochar surface [133]. Previous studies have also 
shown that the presence of multiple cations, anions, and organic matter in an aqueous 
system would lead to competition among the species with the highest affinity to the 
binding sites [134]. A decreasing trend was also observed when the volume of H2S was 
normalized by the weight of biochar added (Table 5.3). An increase in biochar 
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concentration increases the probability of interaction with species with a higher affinity to 
the binding sites and may have blocked access to dissolved H2S and HS
- ions. Over the 
duration of the incubation period, the biochar pores were also coated with microbial 
biomass, possibly reducing its effectiveness (Figure 5.6). The percent H2S removal for 
each treatment showing a decreasing trend over the incubation period provides some 
evidence to the hypothesis (Figure 5.7). As previously stated, H2S oxidation occurs in the 
micropores within the biochar and the layer of microbial biomass would restrict access to 
these sites [110]. Incorporating the biochar into a continuous digester will provide a 
better understanding on the effect of gradual buildup of the microbial biomass layer on 
the biochar surface, as most of the H2S was produced within the first week of batch 
incubation. 
 
Table 5.3 Hydrogen sulfide (H2S) volume reduction and normalized mass removed per 
gram of biochar added into the reactor, and percent reductions in comparison to dairy 











to DM (%) 
0.1 g corn stover biochar/g manure 
total solids (CSB-0.1) 
17.9 ± 3.3 0.45 ± 0.08 14 
0.5 g corn stover biochar/g manure 
total solids (CSB-0.5) 
65.4 ± 6.8 0.33 ± 0.03 53 
1 g corn stover biochar/g manure 
total solids (CSB-1) 
94.1 ± 1.4 0.24 ± 0.00 76 
1.82 g corn stover biochar/g manure 
total solids (CSB-1.82) 
113 ± 0.9 0.16 ± 0.00 91 
0.1 g maple biochar/g manure total 
solids (MB-0.1) 
32 ± 4.7 0.81 ± 0.12 26 
0.5 g maple biochar/g manure total 
solids (MB-0.5) 
74.9 ± 1.1 0.38 ± 0.01 61 
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1 g maple biochar/g manure total 
solids (MB-1) 
95.9 ± 3.1 0.24 ± 0.01 78 
1.82 g maple biochar/g manure total 
solids (MB-1.82) 
111 ± 2.0 0.16 ± 0.00 90 
 
 
Figure 5.6 SEM image of biochar after digestion showing microbial biomass layers on 





Figure 5.7 Percent hydrogen sulfide (H2S) removal over the study period with different 
biochar concentrations, and dairy manure (DM). Corn stover biochar (CSB) and maple 
biochar (MB) coupled with the different tested concentrations (0.1, 0.5, 1, 1.82 g/g 
manure TS) are used to differentiate each treatment. 
Solution pH is an important factor determining the adsorption of different ions on 
the biochar surface. The pH of the biochar amended treatment solutions stayed constant 
with little variation after (7.18 – 7.28) after the incubation period. The zeta potential 
results showed that pHpzc < 2 for CSB and 2.35 > pHpzc > 2.03 for MB. Solution pH 
below the pHpzc allow for protonation of the functional groups present on the biochar 
surface and provides an overall positive charge to the biochar particle [44]. pH values 
higher than pHpzc favor the adsorption of positively charged contaminants due to 
electrostatic attraction by the negative charge on the biochar surface. The presence of 
metal component traces in the biochar provided microsites with a positive charge that 
may have aided the adsorption, oxidation, and precipitation of sulfur on the biochar 
surface [43].  
Addition of different biochar concentrations into the reactors did not lead to any 
significant differences between the treatments in terms of CH4 production (0.0801 < p-
value < 1.000). The cumulative methane production varied between 231 ± 6 mL/g VS 
(CSB-0.1) and 201 ± 2 ml/g VS (MB-1.82) when normalized by the grams of VS added 





Figure 5.8 Cumulative methane (CH4) production normalized by grams of volatile solids 
(VS) with different biochar concentrations, with dairy manure (DM). Corn stover biochar 
(CSB) and maple biochar (MB) coupled with the different tested concentrations (0.1, 0.5, 
1, 1.82 g/g manure TS) are used to differentiate each treatment. 
 
The addition of different biochar concentrations did not significantly affect the 
NH4-N (p-value = 0.3640) and dissolved P (p-value=0.1204) concentrations. The NH4-N 
concentrations in the biochar amended reactors varied from 143 ± 22 mg/L (CSB-0.1) to 
215 ± 46 mg/L (CSB-1.82), with 143 ± 18 mg/L for the DM control. The dissolved P 
concentrations in the biochar amended reactors varied from 5.62 ± 0.22 mg/L (MB-0.5) 
to 6.99 ± 0.12 mg/L (CSB-0.1), with 6.21 ± 0.43 mg/L for the DM control. Several 
authors have conducted studies on the use of biochar for NH4-N and PO4
3- removal from 
aqueous solutions. Hou et al. (2016) showed that NH4
+ ions were adsorbed onto the 
biochar surface due to ion exchange and the best results were seen at pH values ranging 
from 7-9 [135]. However, these studies were conducted on single component systems 
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with no competing ions interacting with each other and the biochar surface. Pipíška et al. 
(2017) showed that in a binary system containing cobalt and cadmium ions, the 
interaction of the metal ions with the biochar surface was affected by the affinity of the 
two species to the binding sites on the biochar [136]. Dairy manure contains multiple 
cations, anions and organic matter in the system, and it is likely that the species with the 
highest affinity to the binding sites would be preferentially captured. The presence of 
organic matter in the manure can also contribute to steric hindrance for the NH4
+ and 
PO4
3- ions, in addition to competition with HS- ions for the available binding sites [133]. 
SEM images (Figure 5.6) of the biochar samples after incubation showed layers of 
microbial biomass on the surface of the biochar that could also have prevented access to 
the binding sites for NH4
+ and PO4
3- ions. Liu et al. (2010) showed that the presence of 
zinc, aluminum, bicarbonate and phosphate ions directly reduced the NH4
+ adsorption 
capacity of the adsorbent [137]. Kizito et al. (2015) conducted experiments on using 
biochar to remove NH4
+ from swine manure digestate and found that the presence of most 
metal cations (K, Ca, Mg, Fe, Zn, etc.) negatively affected the sorption capacity of the 
biochar due to competition for active binding sites [134]. Similarly, phosphate ion 
adsorption has been shown to be affected by the presence of chloride ions and high 
concentrations of bicarbonate ions, leading to precipitation inside the biochar pores and 
adsorption sites [138,139]. The results obtained from the current study suggest that 
biochar addition into an anaerobic digester may not be effective at reducing NH4-N 
concentrations due to the presence of interfering cations and anions. 
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5.3.4 Effect of biochar particle size (Experiment 2): 
The three tested biochar particle sizes significantly lowered the normalized H2S 
volume compared to DM control and AC-S (p-value <0.0001). The normalized H2S 
production for the biochar treated reactors varied from 519 ± 24 (MB-S) to 675 ± 23 
(CSB-M) mL H2S/kg VS (Figure 5.9). Even though the differences in H2S production 
between the biochar treated reactors were not significant, MB had a slightly higher 
percent H2S reduction than the corresponding CSB particle sizes, similar to the results 
seen in the first batch test. The mid-range particle sized biochar (CSB-M and MB-M) had 
the lowest treatment efficiencies (26% for CSB-M and 29% for MB-M, compared to DM 
control). Overall, the added biochar led to a 26 to 43% reduction in total H2S volume 
when compared to DM digestion (Table 5.4). A trend of lowered H2S percent reductions 
over time was also observed in this batch study, with 57 to 96% reductions from Day 1 to 
2 and decreasing to 13 to 32% reduction by Day 21. 
 
 
Figure 5.9 Cumulative hydrogen sulfide (H2S) production normalized by kilograms of 
volatile solids (VS) with different biochar particle sizes, with dairy manure (DM). Corn 
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stover biochar (CSB) and maple biochar (MB) coupled with the different tested patricle 
sizes (L,M,S) are used to differentiate each treatment. 
 
Table 5.4 Hydrogen sulfide (H2S) volume reduction and normalized mass removed per 













Corn stover biochar with particles 
between 841 µm – 707 µm (CSB-L) 
329 ± 32.2 0.66 ± 0.06 35 
Corn stover biochar with particles 
between 177 µm – 149 µm (CSB-M) 
250 ± 29.1 0.50 ± 0.06 26 
Corn stover biochar with particles 
less than 74 µm (CSB-S) 
326 ± 34.0 0.48 ± 0.07 34 
Maple biochar with particles 
between 841 µm – 707 µm (MB-L) 
412 ± 23.6 0.65 ± 0.05 43 
Maple biochar with particles 
between 177 µm – 149 µm (MB-M) 
273 ± 26.7 0.44 ± 0.05 29 
Maple with particles less than 74 
µm (MB-S) 
380 ± 18.1 0.59 ± 0.08 40 
 
AC addition (996 ± 55 mL H2S/kg VS) into the reactor did not significantly 
impact the H2S concentration in the biogas when compared to the DM control (934 ± 32 
mL H2S/kg VS) (p-value = 0.7938). This result was unexpected, as previous research has 
shown that AC can be used as an adsorbent for H2S. However, to the best of our 
knowledge, the effect of AC on H2S production when used as a digester additive has not 
been previously researched. The rate of H2S production in the AC treated reactors (107 ± 
8.2 µL/day) was also significantly higher than the DM control treatments by 24.4% (86 ± 
5.5 µL/day) during Day 2 - 5 of incubation (p-value = 0.0225). It has been shown that 
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certain kinds of sulfate reducing bacteria present in anaerobic digester environments, 
such as Geobacter sulfurreducens, are capable of DIET with GAC as a promoting 
conductive agent [140]. The results suggest that the interaction of H2S with AC was 
following a different reaction pathway than adsorption, but it is not known if the increase 
in H2S production rate in the AC amended reactors was due to DIET. 
 
There was no siginificant impact of particle size differences on the CH4 
production (0.8668 < p-value < 1.000) (Figure 5.10). However, addition of activated 
carbon led to a significant increase (10.7%) in the normalized CH4 production (445 ± 
3.15 mL CH4/g VS) compared to DM (402 ± 3.42 mL CH4/g VS) (p-value = 0.0082). 
Previous studies have attributed this enhancement in CH4 production to DIET [113,124]. 
Additionally, the AC treatment also led to a significantly higher CH4 production rate 
(48.2 ± 5.01 mL CH4/day) compared to DM (30.9 ± 4.06 mL CH4/day) from Days 2 – 5 
(p-value = 0.0069). 
 
Figure 5.10 Cumulative methane (CH4) production normalized by grams of volatile 
solids (VS) for different biochar particle sizes, and dairy manure (DM). Corn stover 
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biochar (CSB) and maple biochar (MB) coupled with the different tested patricle sizes (L, 
M, S). 
 
A primary concern of adding GAC to anaerobic digesters is the need for 
separation of the carbon from the digestate prior to use of the effluent as a fertilizer due 
to the higher cost of the GAC material and advantages of recovery and possible 
environmental risks with field application [130,141]. To overcome this issue, some 
authors have investigated the use of biochar, which, has been shown to improve soil 
properties, and promote DIET. Researchers have found increased CH4 production rates 
(22.4 – 40.3 %), shorter lag periods (27.5 – 64.4%) and increase in CH4 concentrations (~ 
10%) at biochar concentrations varying from 4 g/L to 15 g/L [125,127]. Our results did 
not show any improvement in lag times, which could be due to the preacclimatization of 
the substrate used for each batch test in comparison to the previous studies. The dairy 
manure substrate and the inoculum for this experiment were obtained from the same 
digester, with negligible lag phase and peak CH4 concentrations obtained within 2 days. 
While the amount of biochar added in the present study varied from 0.28 g/L – 9.2 g/L, 
within the range seen in published literature focusing on DIET, there was not an 
improvement in CH4 production, as seen in other studies, only H2S reduction.  
An important controlling factor for DIET is the conductivity of the added 
biochar/GAC. Biochar used in the current study was prepared at 500 °C with a 
conductivity of 7.7 µS/cm for MB and 15.4 µS/cm for CSB, whereas, biochar produced at 
temperatures > 700 °C can have conductivities ranging from 0.5 – 2.3 S/cm due to the 
increase in conductive graphitic structures [142,143]. This is also supported by results 
from authors showing that biochar prepared at 900 °C – 1000 °C led to a 28.9 – 30.8% 
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increase in CH4 yield, while biochars prepared at 500 °C – 650
 °C led to a slight increase 
or no change in CH4 production (0.1 – 5.1%) [40].  
5.3.5 Effect of biochar surface modification (Experiment 3):  
Iron (Fe)-impregnated biochar (CSB-Fe and MB-Fe) led to a significant reduction 
in the normalized volume of H2S produced compared to unmodified biochar (p-value < 
0.0001). The normalized H2S production for the Fe-impregnated biochar treated reactors 
varied from 0 to 51.3 ± 3.7 mL H2S/kg VS for CSB-Fe and MB-Fe, respectively, 
compared to DM-only (2025 ± 33 mL H2S/kg VS), with H2S removal efficiencies of 
100% and 97%, respectively (Figure 5.11; Table 5.5). The Fe-impregnated biochar 
substrates maintained a consistent average of 98.5% H2S reduction over time, while the 
effectiveness of the unmodified biochars decreased over time (Figure 5.12). The 
incorporation of Fe-impregnated biochar led to an additional Fe loading of 85 and 200 
mg/L Fe for CSB-Fe and MB-Fe amended reactors, respectively. Previous research on 
FeCl3 as an additive for biogas desulfurization reported the use of 1.25% (12,500 mg/L 
FeCl3 or 4300 mg/L Fe) addition for 65% removal of H2S [144]. Speece (2011) reported 
that a dosage of 30 – 50 mg FeCl2/mg S (13.2 – 22 mg Fe/mg S) in the feedstock was 
practiced in the wastewater industry to precipitate sulfides for odor control, which 
translates to an iron dosage of 1300 mg/L – 8800 mg/L of Fe required for odor control in 
a dairy manure digester with sulfur content ranging from 100 – 400 mg/L [13,63]. In the 
present study, the concentration of Fe added was 85 – 99% lower, but it resulted in an 




Figure 5.11 Cumulative hydrogen sulfide (H2S) production normalized by volatile solids 
(VS) for dairy manure (DM), unmodified and Fe-impregnated corn stover biochar (CSB, 
CSB-Fe) and maple biochar (MB, MB-Fe). 
 
Figure 5.12 Hydrogen sulfide (H2S) removal effectiveness over time for unmodified and 
Fe-impregnated corn stover biochar (CSB, CSB-Fe) and maple biochar (MB, MB-Fe). 
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Table 5.5 Hydrogen sulfide (H2S) volume reduction and normalized mass removed per 
gram of biochar added into the reactor, and percent reductions in comparison to dairy 






(mg H2S/g biochar) 
Reduction 
compared 
to DM (%) 
Iron impregnated corn 
stover biochar (CSB-Fe) 
3440 ± 0 4.6 ± 0.0 100 
Unmodified corn stover 
biochar (CSB) 
1509 ± 82 2.0 ± 0.1 44 
Iron impregnated maple 
biochar (MB-Fe) 
3350 ± 3.7 4.5 ± 0.0 97 
Unmodified maple 
biochar (MB) 
2026 ± 48 2.7 ± 0.1 59 
 
Surface modification using iron-impregnation affected the conductivities of the 
biochar, however, it was four orders of magnitude lower than biochars prepared at >700 
°C seen in other studies (18.3 µS/cm for modified CSB and 44.7 µS/cm for MB). The 
change in the conductivities did not significantly impact the CH4 production for the Fe-
impregnated biochar treatments (273 ± 6 and 296 ± 11 mL CH4/g VS for CSB-Fe and 
MB-Fe, respectively) compared to the DM-only treatment (285 ± 17 mL CH4/g VS; p-
value = 0.7860, 0.8594) (Figure 5.13). All three experiments showed no significant 




Figure 5.13 Cumulative methane (CH4) production normalized by volatile solids (VS) 
for dairy manure (DM), unmodified and Fe-impregnated corn stover biochar (CSB, CSB-
Fe) and maple biochar (MB, MB-Fe). 
 
 The sorption of anions on the surface of modified biochar has been attributed to 
chemical adsorption or electrostatic attraction to the positively charged metal oxide 
particles embedded on the surface [43]. Surface area and selectivity for cations and 
anions can be changed by the activation (chemical or physical) or surface modification of 
biochar, which can effect sorption of different pollutants. The high surface area of 
biochar was suitable for embedding Fe-particles that provided a positive charge and 
chemical properties to increase H2S capture. Metal impregnated biochar-based 
composites have been shown to remove negatively charged anions from aqueous 
solutions [43,45].  
The surface areas of CSB and MB changed upon pretreatment for Fe-
impregnation. Iron-impregnation led to a 48% increase in the surface area of CSB (34.9 
m2/g) and a 63% decrease in the MB surface area (59.8 m2/g). It has been reported that 
129 
 
pretreatment of biochar using metal chlorides and nitrates results in a modification in the 
surface area of the biochar [43]. Micháleková-Richveisová et al. (2017) prepared 
modified biochars from garden wood waste, wood chips, and corncob through 
pretreatment with Fe(NO3)2, which resulted in a decrease in the surface area of the 
biochar due to the filling of micro and mesopores with iron [49]. However, van Vinh et 
al. (2015) prepared Zn-modified biochar prepared from pine cones using a similar 
pretreatment step and the modification process led to an increase in the biochar surface 
area [145]. The authors attributed the increase in surface area to the formation of new 
porous structures from the chemical treatment. Even though surface modification 
changed the surface areas of the biochars, the effectiveness of Fe-impregnated biochars 
for arsenic and phosphate removal increased in both studies. In our study as well, the 
change in the biochar surface area for CSB and MB from Fe-impregnation increased its 
effectiveness for H2S removal.  
5.3.6 Cost Analysis:  
Abatzoglou and Boivin (2009) compared the cost of iron-based adsorbents and 
sodium carbonate (Na2CO3) impregnated AC for a farm producing 1,350 m
3/day of 
biogas, with 1000 ppm H2S [19]. The authors reported that the cost per unit of biogas 
treated would be similar for the two H2S scrubbing technologies ($0.031/m
3 biogas 
treated for Fe adsorbents, and $0.034/m3 biogas treated for Na2CO3 impregnated AC) 
based on treating 1.35 m3 H2S/day or 1.89 kg H2S/day. Using these same data parameters, 
it can be calculated that the amount of daily addition of MB-Fe and CSB-Fe into the 
digester required to desulfurize the biogas (98.5% removal on average) would be 420 kg 
of MB-Fe, with 84 grams of impregnated Fe, and 411 kg of CSB-Fe, with 33 grams of 
130 
 
impregnanted Fe. Thompson et al. (2016) reported that biochar costs range from $0.35 - 
$1.2/kg, with an average value of $0.78/kg of biochar [101]. The calculated daily cost of 
biochar for biogas desulfurization would be $328 and $321 for MB-Fe and CSB-Fe, 
respectively. The cost of iron was assumed to be negligible compared to biochar 
production process since industrial grade (98%) iron chloride costs $200 - $500 per ton of 
material and would only add $0.05 to the total cost of biochar. When normalized by the 
amount of biogas treated, the cost was determined to be $0.24/m3 biogas treated. 
However, if the biogas is desulfurized in an external scrubber, the costs would be lower 
since the adsorption capacity would be higher. MB-Fe was estimated to have an 
adsorption capacity of 16.8 mg S/g biochar (Chapter 4) and in such a case, the 
normalized cost is estimated to be $0.06/m3 of biogas treated.  
 
Table 5.6 Cost of hydrogen sulfide (H2S) treatment currently available desulfurization 
technology compared to results from this study (values obtained from literature data for 
biogas flow rate of 1,350 m3/day with 1000 ppm H2S). 
Technology 
Cost of H2S treatment 
($/m3 treated biogas) 
Reference 
Iron-based adsorbents 0.031 
[19] 
 
Impregnated Activated Carbon 0.034 
[19] 
 
Biological Desulfurization 0.030 
[82] 
 
Impregnated Biochar as an 
additive 
0.24 
values obtained from the 
current study. 
Impregnated Biochar adsorbent 0.06 





The study showed that biochar can be used in-situ to reduce H2S concentrations in 
an anaerobic digestion system. The study showed an increasing trend in the percent 
reduction of H2S as the biochar concentrations increased, with the highest tested 
concentration showing > 90% H2S removal. Differences in biochar particle size had no 
significant impact in the H2S removal efficiency, indicating that the surface area of the 
biochar is not an important factor for H2S removal. Iron-impregnation resulted in an 
average 98.5% H2S removal efficiency compared to 52% H2S removal efficiency for 
unmodified biochars. Furthermore, iron-impregnated biochar addition into a digester was 
more effective than direct addition of iron chloride compounds at 85 – 99% lower Fe 
concentrations inputs needed. As expected, the aqueous sulfide adsorption tests resulted 
in enhanced biochar H2S adsorption capacities, due to the reaction taking place in an 
aerobic environment with a long residence time, but the adsorption capacities decreased 
when the biochar was added into an anaerobic environment with diary manure, due to a 
lower residence time, other competing species, and absence of oxygen. Even though 
previous studies have shown that biochar can be effective in NH4
+ and PO4
3- removal in 
mono-component systems, it was not effective in a dairy manure system due to possible 
competition with other species. Direct addition biochar into a digester for desulfurization 
was not cost competitive in comparison to market available H2S removal technologies. 
Future studies should further investigate the DIET capabilities of biochar to increase CH4 
production, understand the mechanism controlling H2S adsorption in impregnated and 
unimpregnated biochars within the AD system, and increasing the selectivity of biochar 
for H2S to make it more cost competitive.  
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6 Fluidized bed combustion of poultry litter at farm-scale: a case study 
on the environmental impacts using a life cycle approach 
Abstract: 
Combustion can concentrate the phosphorus in poultry litter into an ash product 
that is easier to transport out of the Eastern shore, where land application of poultry litter 
is limited. The aim of this study was to investigate the efficacy and sustainability of 
poultry litter combustion through a life cycle assessment (LCA). The combustion process 
converted 568 tons of poultry litter into 59.3 tons of ash over a sixteen-month period. The 
thermal energy production was 858.6 MWh, with 12.5 MWh in the form of electricity, 
and a process efficiency of 55.3%. The two scenarios analyzed for the LCA assessment 
included 1) the impacts associated with the actual results of the combustion process, and 
2) the impacts associated with the process operating under improved operational 
conditions (increased biomass feed rate (0.246 tons/hr), yearly run-time (6,720 hours), 
and net positive electricity output). In the first scenario, the climate change potential 
(CCP) was 32% less than the CCP associated with LPG production and use for heating 
the poultry houses, but, a lower than expected electrical energy production resulted in net 
environmental losses in twelve out of eighteen impact categories. The environmental 
impacts of the second scenario were 48 – 98% lower, when compared to the first 
scenario. In the sensitivity analysis, the effects of changing the electricity input for 
operating the FBC system by 10% resulted in the highest overall average (4.8%) change 
in all impact categories, indicating the necessity of a net positive electrical energy output 




The broiler industry in the US was estimated to produce about 44.4 million tons 
of poultry manure, containing 2.2 million tons of N, 0.7 million tons of P and 1.4 million 
tons of K in 2008 [146]. Maryland is the ninth largest poultry producer in the U.S., with 
the industry providing 41% of all farm income in the state. The Eastern Shore of 
Maryland in the United States is known for intensive poultry production. The Delmarva 
Poultry industry estimated a total of 605 million broiler chickens in 2018, generating an 
estimated 1.1 million tons of litter, bedding, and feathers. It is estimated that 750,000 tons 
of poultry litter have been remediated or managed alternatively based on the new 
proposed nutrient management strategies for Maryland from 2000 - 2010 [56].  
Poultry litter includes a mixture of manure and the bedding material, including 
wood chips, waste feed, and feathers removed from poultry houses. The litter and manure 
component of this waste has a high nitrogen (N) (2.9 - 4.4%), phosphorus (P) (3.2 – 
5.5%), and potassium (K) (2.2 – 3.8%) content and is used as an organic fertilizer, thus 
recycling the nutrients [147–149]. Direct spreading of poultry litter on agricultural farms 
in Maryland, especially on the Eastern shore, has resulted in phosphorus-enriched soils 
[57]. Poultry litter contains plant-available nitrogen and phosphorus at a ratio less than 
2:1 but the crops grown on the Eastern Shore of Maryland require five times more N than 
P (on a mass basis) [150]. As a result, land application of poultry litter as an N source 
simultaneously results in three to four times higher application of P than the crops need. 
Leaching of nutrients from these soils over the years has contributed to the eutrophication 
of the Chesapeake Bay [150].  
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Combustion significantly reduces the mass of a substrate, which makes the final 
product easier to transport to the fields for fertilization. The concentrated ash form has 
been shown to be an advantageous soil amendment, with positive effects on plant growth 
compared to standard fertilizer, as it can be applied separately from an N source to meet 
the P needs of the crops [151,152]. This can be beneficial for areas such as the Eastern 
Shore, where application of poultry litter to meet the N needs of the crops leads to 
overapplication of P. The heating value of poultry litter ranges from 9,000 to 13,500 
kJ/kg, depending on the material and moisture content, which is approximately half the 
value of coal [147,153]. Even though there are challenges to combustion of poultry litter, 
it has a high energy content and produces an ash product that can be used as a P and K 
source, making it a valuable resource for valorization. 
Commercial combustion of poultry litter to produce heat and electrical energy has 
been implemented in both Europe and the United States [148]. There has been a growing 
interest in combusting poultry litter to provide on-farm heating requirements due to 
increasing propane prices, greenhouse gas (GHG) emissions associated with propane 
combustion, and eutrophication of water bodies due to leaching of nutrients from land 
spreading of poultry litter, especially in areas with high N and P in the soil. Kelleher et al. 
(2002) and Lynch et al. (2013) stated that fluidized bed technology can be used to 
produce heat and electricity from poultry litter, either by itself or mixed with other 
domestic or industrial wastes due to its ability to handle low-grade fuels [147,154]. A 
manure to energy system that generates heat using a fluidized bed combustion (FBC) 
process was investigated in this study. In the process, the thermal energy generated was 
used to heat the poultry houses, with excess heat used in an organic Rankine cycle device 
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(ORC) to produce electricity. The ORC turbine is an advanced power generation 
technology that uses organic chemicals with low critical temperature and pressure, low 
specific volume, low viscosity and surface tension, and high thermal conductivity as 
working fluids [155]. 
Life cycle assessment (LCA) is an evaluation of environmental impacts through a 
systematic, inclusive, and analytical approach for any product or service [53]. An LCA 
quantifies the inputs and outputs of a system, product, service or a process, as defined by 
a system boundary, and evaluates the environmental impacts for each input and output 
[54]. LCA is most commonly used in comparing the environmental impact of a product 
or service with a comparable alternative in order to determine which product has a lower 
environmental impact [53]. LCA can also be used to estimate the environmental impact 
of a product at each stage of its life (cradle to grave) in order to identify the process 
stages that have the highest negative environmental impacts. Billen et al. (2015) 
conducted a LCA of poultry litter combustion and concluded that surplus electricity 
production from litter utilization prevented GHG emissions equivalent to 655 kg of CO2 
per metric ton of poultry litter due to avoided impacts from coal combustion [156]. 
Williams et al. (2016) conducted a LCA of turkey litter combustion and found reductions 
in energy demand (14%), eutrophication potential (55%), and acidification potential 
(70%) compared to direct use as a fertilizer [157]. However, these studies were 
conducted in UK conditions, where poultry litter is managed differently. European 
regulations require poultry barns with cement floors to be cleaned out completely after 
each flock is removed. Poultry houses in Maryland have the litter on top of dirt or clay 
floors instead of cement floors. Since only the top layer of the poultry litter is removed 
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after each flock, the composition of the poultry litter can be different after each flock 
[158]. This study also quantified the avoided use of liquefied propane gas (LPG) for 
space heating the poultry houses in addition to benefits of electricity production from the 
FBC unit. 
The aim of this study was to provide a quantification of the environmental 
impacts of burning poultry litter for energy generation and utilization. The LCA was used 
to evaluate and track the effectiveness of the technology in reducing the cradle to grave 
environmental impacts when compared to the use of LPG for heating the poultry houses. 
The specific objectives were to: 1) use the material use, emissions, and energy production 
data obtained from sixteen months of sampling to estimate the environmental impacts of 
the actual process and compare it to liquefied propane gas (LPG) production and use, and 
2) use expected data to estimate the environmental impacts of an improved process 
scenario. It was anticipated that the environmental impacts of the improved process 
would be lower than the actual data due to higher electricity production and biomass 
usage during system operation. 
6.2 Methods: 
6.2.1 System Description: 
 A fluidized bed combustion (FBC) system for poultry litter combustion was 
installed in Rhodesdale, MD designed to produce 600 kW of heat for the poultry houses 
and 65 kW of electrical energy. The FBC system performance in terms of energy 
generation, biomass consumption, ash production, time of operation, and litter and ash 
characteristics was monitored for 16 months. 
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 After each poultry flock, the poultry litter was removed and stored for FBC 
operation, with excess heat was used for electricity production. The flock dates that were 
used in the FBC unit are shown below: 
 Flock 1: December 17th, 2016 to February 12th, 2017 
 Flock 2: March 8th, 2017 to May 4th, 2017 
 Flock 3:  May 19th, 2017 to July 18th, 2017 
 Flock 4: August 1st, 2017 to September 29th, 2017 
 Flock 5: October 18th, 2017 to December 18th, 2017 
 Flock 6: January 5th, 2018 to March 5th, 2018 
 The litter was stored in a covered storage shed before being fed into the FBC 
system using a sensor-controlled scraping system connected to a conveyor belt. The 
combustion system employed a fluidized bed type technology, where multiple streams of 
hot air are used to suspend the fuel particles that were combusted within the furnace. The 
fluidization of the particles leads to an increase in surface area due to the constant 
turbulence and breaking up of larger particles into smaller sizes [156]. The increased 
surface area leads to improved contact between the particles and oxygen in air. The ash 
produced from the combustion process was then transferred to sealed bags for potential 
transport off-farm for use as a fertilizer or soil amendment. 
 The thermal energy generated by the combustion of the poultry litter was used to 
heat up the poultry houses by replacing LPG usage. The excess heat was used to power 
the ORC for electricity production without additional fuel use or emissions. The electrical 
energy was used on-farm. It is important to note that the FBC system required electricity 
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from the grid to operate, and the electrical energy required to operate the system 
(parasitic load) was higher than the electrical energy generated during the study period.  
6.2.2 Analytical Methods: 
 Triplicate poultry litter samples were tested for calorific value, total solids (TS), 
and volatile solids (VS) at the University of Maryland. For the calorific value, one gram 
of poultry litter sample was pelletized using a Pellet Press (Parr Instruments, Moline, IL) 
and tested for gross heat using a PARR 1261 Bomb Calorimeter (Parr Instruments, 
Moline, IL). The percent efficiency of the FBC system was calculated by dividing the 
total generated thermal and electrical energy by the calorific value of the poultry litter 
obtained from lab test results. The biomass to energy conversion efficiency was 
calculated by dividing the total amount of energy generated by the total amount of 
biomass combusted in the FBC system. For TS analysis, triplicate 25 g samples were 
added into pre-weighed porcelain crucibles. The samples were then dried at 105 °C until 
a constant mass was obtained for the TS concentration (presented on a wet weight basis 
in the study). For the VS analysis (presented on a wet weight basis in the study), the 
crucibles with the dried material were placed in a furnace at 550 °C until a constant mass 
was obtained between two measurements. The poultry litter, bed ash, and fly ash samples 
were sent to Agrolabs Inc., Delaware, for the following analyses: organic nitrogen, 
ammonium nitrogen, nitrate nitrogen, total nitrogen, phosphorus, potassium, sulfur, 
calcium, magnesium, sodium, manganese, copper, iron, aluminum, boron, zinc, pH, % 
moisture, % dry matter, % ash, bulk density, % organic matter, % organic carbon, soluble 
salts, and sodium adsorption ratio using A3769 Method for manure analysis [159]. The 
carbon to nitrogen (C:N) ratio measurements on the poultry litter samples were conducted 
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at the USDA facility in Beltsville, MD using a LECO CHN 2000 Analyzer (LECO, St. 
Joseph, MI). 
6.2.3 Impact Assessment Methodology: 
 This LCA study followed the ISO 14040 and 14044 standards [160,161] which 
recommends: 1) a clearly defined goal and purpose of the study; 2) a clearly defined 
scope with a functional unit, system boundary, and impact assessment methods; 3) an 
inventory of the data used for the analysis that can be related back to the functional unit; 
4) sensitivity analyses; 5) categories of environmental impacts analyzed; and 6) a 
discussion of limitations of the analysis.  
 The LCA of the FBC system for poultry litter combustion was performed using 
SimaPro software (Version 9.0). The environmental impacts were estimated using the 
Recipe 1.10/World (May 2014) midpoint (H) impact assessment method. The following 
18 impact categories included in this method were estimated: climate change potential 
(CCP), ozone depletion potential (ODP), terrestrial acidification potential (TAP), 
freshwater eutrophication potential (FEP), marine eutrophication potential (MEP), human 
toxicity potential (HTP), photochemical oxidant formation (POF), particulate matter 
formation (PMF), terrestrial ecotoxicity potential (TEP), freshwater ecotoxicity potential 
(FETP), marine ecotoxicity potential (METP), ionizing radiation (IR), agricultural land 
occupation (ALO), urban land occupation (ULO) ,natural land occupation (NLO), metal 
depletion (MD), fossil depletion (FD), and water depletion (WD). The results presented 
focus on the CCP, TAP, FEP, and MEP due to its relevance to renewable energy 
production from waste resources and the health of the Chesapeake Bay region. 
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6.2.3.1 Goal and Scope of the study: 
 The goal of the study was to quantify the environmental impacts of generating 
heat and electricity from the combustion of poultry litter. The scope was from cradle to 
grave, including storage of poultry litter and its combustion, production of heat, 
conversion of the generated heat into electricity using the ORC system, and co-
production of ash as a fertilizer (Figure 6.1). Construction materials and assembly of the 
plant were also considered in the model (Ecoinvent version 3.0). Transport of the poultry 
manure to the FBC system was not included in the study, as the FBC was located at the 
farm site and did not require additional transportation for use. During the study period, 
the litter and the ash produced from the combustion process was never transported out of 
the farm, and hence, not included in the LCA assessment. 
 





 The impacts of manure production were also not included in the study, as poultry 
is bred for meat and eggs and not for the manure. As such, the impacts associated with 
poultry production would be the same for all the studied scenarios [156]. Two main 
scenarios were considered for the impact assessment:  
1. Baseline scenario: impacts from the actual operating conditions and outputs of the 
FBC unit monitored over the study period was used.  
2. Improved operational scenario: Assumed that the FBC system operated for 6,720 
hours annually (77% annual runtime, instead of 30% in the baseline scenario), 
combusted 1,655 tons of poultry litter annually at a 0.246 tons/hr feed rate (instead of 
0.176 tons/hr in the baseline scenario), and a net positive electricity output. 
 The Maryland electricity average consumption data from EIA in 2017 was used 
for the analysis, with the generation source estimated to be a combination of coal, natural 
gas, and nuclear power (approximately 2:1:1 ratio) [162]. The impacts of these two 
scenarios were compared to the impacts associated with the production and use of 
liquefied propane gas (LPG) to generate the same amount of energy, as conventionally 
propane was historically used to heat the poultry houses. 
 The functional unit for the impact assessment was defined as the ‘generation of 1 
MJ of energy’. The input and output flows of the system were calculated based on the 
total amount of energy produced from poultry litter combustion after 16 months of 
monitoring. During this time, the FBC system operated for 3,226 hours and processed a 
total of 568 metric tons of poultry litter, with a maximum of 198 tons processed during 
flock 1 and a minimum of 38.5 tons processed during Flock 4. 
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6.2.3.2 LCA inventory: 
 The poultry litter storage emissions were not monitored, and therefore, literature 
data was used to obtain ammonia (NH3) and nitrous oxide (N2O) emissions [163]. 
Methane (CH4) emissions from storage were assumed to be negligible [164]. Emissions 
of carbon dioxide (CO2), carbon monoxide (CO), sulfur dioxide (SO2), oxides of nitrogen 
(NO and NO2 combined as NOx), particulate matter (PM), and volatile organic 
compounds (VOCs) from the FBC process were obtained from the emissions testing data 
from an independent third-party contractor using USEPA Reference test methods 1-2, 
3A, 4, 5/202, 6C/7E, 10, and 25A (Table A.2). N2O emissions were obtained from 
literature data related to combustion of poultry litter in FBC systems [156]. CO2 
emissions were considered to be biogenic as the organic carbon in poultry litter is of 
biogenic origin and the renewable energy generated can replace energy from fossil fuels 
[156]. Diesel use for FBC start-up was obtained from data logs. For the comparison, it 
was assumed that a unit of energy from poultry litter is equivalent to a unit of thermal 
energy from LPG and electrical energy from the grid. Sand use in the FBC system was 
obtained from literature data of a similar poultry litter combustion system in Netherlands 
[165]. The impacts associated with the LPG production and use, sand use, and diesel use 
were obtained from the Ecoinvent version 3.0 database in SimaPro. The LCA inventory 
data for all the data are shown in the Appendix B.  
6.2.3.3 Sensitivity Analyses: 
 In the sensitivity analysis, each variable of interest (electricity use for FBC 
operation, startup diesel for bringing the FBC system up to temperature, combustion 
emissions, emissions from poultry litter storage, and construction material input) was 
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modified by ± 10%, while keeping the other variables constant for the baseline scenario. 
The percent change in environmental impact in each impact category for every variable 
of interest was then calculated by comparing it to the environmental impacts in the 
original baseline scenario. 
6.3 Results and Discussion: 
6.3.1 Energy production from the FBC system: 
The total energy supplied to the two poultry houses for heating the six flocks was 
1,504,727 kWh, which included energy from the FBC unit (858,569 kWh) and energy 
from back up diesel use when the FBC unit was not operational (646,158 kWh) (Table 
6.1). The thermal energy production from the FBC unit was more continuous during the 
initial project period (Flocks 1 – 2 from Dec 2016 – May 2017), with the highest runtime 
(853 hours), biomass use (198 tons), and amount of energy produced (299,584 kWh) 
during Flock 1 (Figure 6.2A). The FBC operated for a total of 3,226 hours and combusted 
568 tons of poultry litter, with an average feed rate of 0.176 tons/hr. During Flock 4, the 
FBC had the lowest runtime (211 hours), thermal energy production (58,186 kWh), and 
biomass use (38.5 tons) due to repairs and maintenance work on the system. The 
electrical energy production ranged from 0.7% to 4.0% of the total energy produced per 
flock, with a cumulative electric energy production of 12,527 kWh during the study 
period, with most of the potential energy from the poultry litter used for heating the 






Table 6.1 Energy production from the fluidized bed combustion (FBC) system over the 




























1 853 299,586 2,144 648,219 198 1523 54.9 
2 631 156,031 1,400 256,858 103 1525 55.0 
3 819 138,836 3,098 128,033 91.8 1546 55.7 
4 211 58,186 2,157 61,722 38.5 1568 56.5 
5 482 140,821 1,000 340,278 93.2 1523 54.9 
6 229 65,110 2,727 69,618 43.1 1575 56.8 







Figure 6.2 Daily thermal (A) and electrical (B) energy production from the fluidized bed 
combustion (FBC) unit used to heat two poultry houses and provide electricity over 
sixteen months (six flocks) of monitoring. 
 
The energy efficiency of the FBC system was consistent, with an average of 
55.3% of the calorific value of the poultry litter converted into total energy, with an 
average energy output of 1,534 kWh/ton poultry litter combusted. The parasitic electric 
load for operating the FBC unit (131,072 kWh) was higher than the electricity generated 
during the study period, with a net negative electricity output (-112,700 kWh). It was 
anticipated (improved operational scenario) that the FBC system would operate for 6,720 
hours annually (77% annual runtime), and utilize 1,655 tons of poultry litter annually at a 
0.246 tons/hr feed rate, resulting in an energy production efficiency of 67.4%, and a 
biomass to energy conversion efficiency of 1,985 kWh/ton poultry litter combusted. 




ORC systems (< 30 kWe capacity), the thermal energy production efficiency varied from 
60% - 70%, along with 15% efficiency in electricity production [155].  
6.3.2 Poultry Litter and Ash Product Characteristics: 
 The heating value of the poultry litter varied from 2,055 to 2,737 cal/g, while the 
VS content varied from 40.1% to 56.7%. The two parameters followed a similar trend, 
with higher VS fractions leading to higher heating values (Figure 6.3). The dry matter 
content of the poultry litter averaged 60.8%. Percent carbon varied from 21.66% to 
27.55%, while the percent nitrogen varied from 2.77% to 3.42%. The average values for 
these parameters are shown in Table 6.2 The FBC process concentrated the phosphorus 
and minerals in the poultry litter in the final ash product, as expected, with an average 
concentration increase of 459% in the bed ash and 633% in the fly ash (Table 6.3). The 
potassium (2.40% ± 0.1) and phosphorus content (1.98% ± 0.1) in the poultry litter 
formed a substantial part of the fly ash product (15.0% ± 1.1 for phosphorus and 19.4% ± 
1.4 for potassium), with negligible concentrations of carbon and nitrogen. Chastain et al. 
(2012) calculated the average poultry litter heating value from literature data to be 2,461 
cal/g with a moisture content of 24% [148]. The total percent N (2.87%), P (3.28%), and 




Figure 6.3 Heating value and volatile solids (VS) variation over the 16 months of 
sampling. 
 
Table 6.2 Average physical characteristics (wet weight basis) of the poultry litter input to 









C:N ratio Gross Heat 
(cal/g) 
60.8 ± 1.5 45.1 ± 1.4 23.9 ± 0.5 3.1 ± 0.1 7.8 ± 0.2 2386 ± 60 
  
Table 6.3 Elemental composition of the poultry litter, bed ash, and fly ash, and percent 
change in the bed ash and fly ash compared to the poultry litter substrate.  
Elements Poultry Litter Bed Ash Fly Ash Change 





Phosphorus (%) 2.0 ± 0.1 13.4 ± 1.5 15.0 ± 1.1 577 658 
Sulfur (%) 0.7 ± 0.0 3.4 ± 0.3 4.4 ± 0.3 379 520 
Potassium (%) 2.4 ± 0.1 11.4 ± 1.2 19.4 ± 1.4 375 708 
Sodium (%) 0.6 ± 0.0 3.0 ± 0.3 4.6 ± 0.3 376 630 
Calcium (%) 1.7 ± 0.2 9.1 ± 1.0 9.3 ± 0.8 423 434 
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Magnesium (%) 0.50 ± 0.1 2.3 ± 0.3 2.7 ± 0.2 369 451 
Zinc (ppm) 469 ± 22 2274 ± 288 2565 ± 168 385 447 
Iron (ppm) 548 ± 92 3506 ± 186 4515 ± 174 540 724 
Manganese (ppm) 355 ± 21 1840 ± 232 2256 ± 146 418 535 
Copper (ppm) 254 ± 13 938 ± 87 1767 ± 147 269 596 
Aluminum (ppm) 206 ± 23 2131 ± 153 2810 ± 116 934 1264 
 
The FBC system combusted 568 tons of poultry litter and converted it to 59.3 tons 
of ash, which is 10.5% of the original mass of poultry litter. Plant macronutrients with a 
fertilizer value, namely, K, and P in the poultry litter were also concentrated in the ash 
product. The bed ash and fly ash had an average P content of 13.4% and 15.0%, 
respectively, and an average K content of 11.4% and 19.4%, respectively. Most of the P 
(63%) and K (72%) were concentrated in the fly ash fraction. The ash contained 
negligible concentrations of carbon (C) and nitrogen (N), as the combustion process 
resulted in complete conversion of C and N into its gaseous forms (CO, CO2, NOx, and 
N2 gas). On a per ton basis, the wet poultry litter contained 31 kg of N, 19.8 kg of P and 
24 kg of K. The bed ash and fly ash formed 39.6% (23.5 tons) and 60.4% (35.8 tons) 
respectively, of the total ash produced. The bed ash contained 134 kg of P (as P2O5) and 
114 kg of K (as K2O) on a per ton basis, while the fly ash contained 150 kg of P (as P2O5) 
and 194 kg of K (as K2O) on a per ton basis. The mixed ash product (bed ash + fly ash) 
contained an estimated 144 kg of P (as P2O5), and 163 kg of K (as K2O), with negligible 




6.3.2 Life Cycle Environmental Impacts:  
6.3.2.1 Climate Change potential: 
 The climate change potential of poultry litter combustion corresponded to 0.053 
kg CO2eq/MJ of energy, which was 32% less than the CCP associated with LPG 
production and use (0.078 kg CO2 eq/MJ of energy) (Table 6.4; Figure 6.4). When 
converted to a mass basis, the total CCP impact due to GHG emissions (N2O and CO) 
corresponding to the combustion of one kilogram of poultry litter was 0.0775 kg CO2 
eq/kg poultry litter combusted. N2O emissions from the combustion process (0.260 g/kg 
PL) and storage emissions (0.070 g/kg PL) had the highest contribution to CCP, as N2O 
is 298 times more potent GHG than CO2. On the other hand, CO is a weaker GHG 
compared to CO2, and the CO emissions (0.750 g/kg PL) had a minimal impact on CCP. 
 
Table 6.4 Impact on climate change potential from poultry litter combustion, electricity 
production and liquefied propane (LPG) use for heating based on 1 MJ of energy. A 
negative value indicates a net positive environmental impact. 
Scenario Baseline Improved operation 
Impact category Climate change 
Functional Unit 1 MJ of energy 
Unit kg CO2 eq 
Combustion emissions only 0.014 0.011 
Poultry litter storage only 0.039 0.003 
Combustion unit and generator 0.002 0.0004 
Startup diesel use 0.005 0.004 
Electricity use from grid 0.028 0 
Combustion of Poultry Litter 
(total) 
0.053 0.018 
Renewable electricity production 0 -0.005 





Figure 6.4 Environmental impacts of poultry litter combustion in the baseline scenario 
compared to LPG production and combustion.   
 
 The total impact of combusting poultry manure on climate change was a 
combination of direct emissions of GHGs and upstream emissions originating from the 
construction and assembly of the plant, emissions associated with storage of poultry litter, 
start-up diesel use, and electricity required for daily operation of the FBC system. It was 
expected that the FBC system would produce excess electricity, especially during the 
summer when heating requirements for the poultry houses are lower. However, due to the 
system not performing at its highest efficiency throughout most of the study period, the 
electricity produced was not sufficient to offset the parasitic load required for daily 
operation of the system. As a result, the net electricity input had the highest impact on 
CCP (53.1%) for the combustion of poultry litter. The electricity input accounted for 
GHG emissions of 0.028 kg CO2 eq/MJ of energy. Emissions associated with poultry 
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litter storage and start-up diesel use contributed to 7.3% and 8.9% of the GHG emissions, 
respectively. 
 In the improved operational scenario, the combustion process had 66% less 
impact (0.018 kg CO2 eq/MJ of energy) on CCP than the baseline scenario due to the 
increased biomass feed rate, yearly run-time (6,720 hours), and energy output/biomass 
feed ratio. The expected energy output/biomass feed ratio was 1,985 kWh/ton of poultry 
litter in the improved operational scenario, while it was 19.4% lower (1,512 kWh/ton of 
poultry litter) in the actual scenario. As a result, the amount of poultry litter required to 
produce 1 MJ of energy decreased from 0.184 kg to 0.140 kg in the improved operational 
scenario. The increased thermal energy output avoided impacts on CCP corresponding to 
0.074 kg CO2 eq/MJ of energy due to the replacement of LPG production and use (Figure 
6.5). 
 
Figure 6.5 Environmental impacts of poultry litter combustion with renewable energy 
production in the improved operational scenario compared to LPG production and 
combustion and replacement of electricity production in Maryland. 
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 The other important factor was the increased total electrical energy output in the 
improved operational scenario (181,104 kWh), which was 5.51% of the total energy 
produced in this scenario. As a result, the FBC system had a net electrical energy output 
of 68,404 kWh (after parasitic load subtraction). The excess renewable electricity led to 
avoided impacts on CCP from the production of electricity from fossil fuel sources (0.005 
kg CO2 eq/MJ of energy). The contribution of combustion emissions to CCP was the 
highest in the improved operational scenario (60.7%), followed by start-up diesel use 
(20.4%), and emissions from storage (16.4%).  
 Williams et al. (2016) found a net 3% decrease in CCP from burning turkey litter 
due to the use of natural gas for electricity production [157]. However, they included the 
loss of soil carbon from not applying the litter on land in their analysis and suggested that 
this led to the net effect being minimal. Billen et al. (2015), however, argued that the loss 
of soil carbon has no negative impact as it was not clear if carbon fertilization was 
necessary in most cases [156]. In addition, they also stated that carbon neutral sources for 
increasing organic matter content, such as compost, are easily available at low prices. In 
their assessment, the combustion of poultry litter resulted in avoided impacts from 
electricity from coal, corresponding to 655 g CO2 eq/kg of poultry litter. In the case of 
natural gas use for electricity production, the avoided impacts corresponded to 357 g CO2 
eq/kg of poultry litter. In the present study, instead of electrical energy, the avoided 
impacts were associated with offsetting thermal energy from LPG corresponding to 424 g 
CO2 eq/kg of poultry litter. 
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6.3.2.2 Eutrophication and Terrestrial Acidification potential:  
 The ReCiPe model makes the assumption that marine eutrophication is most 
affected by the leaching of different forms of N into the ocean, while freshwater 
eutrophication is attributed to the leaching of different forms of P. Gaseous species of N 
such as ammonia and NOx have lower impacts on MEP but have the highest impact on 
TAP along with SOx. The Chesapeake Bay is not considered to be fresh or marine but a 
brackish water body, so both FEP and MEP need to be highlighted in the study.  
 In the baseline scenario, electricity usage from the grid had the highest impact on 
MEP (5.0 x 10-6 kg N eq/MJ of energy), followed by NOx emissions from the combustion 
process (3.0 x 10-6 kg N eq/MJ of energy), and NH3 emissions from poultry litter storage 
(2.95 x 10-6 kg N eq/MJ of energy) (Table B.1; Figure B.1). FEP was primarily affected 
by the material use for the FBC system (78.5%) followed by electricity use for its 
operation (20.6%). The overall TAP corresponded to 4.1 x 10-4 kg SO2 eq/MJ of energy 
and it also followed a similar trend with electricity use for FBC operation having the 
highest contribution (64.3%), followed by NH3 emissions from storage (19%), and NOx 
and SOx emissions from the combustion process (10.6%).  
 Poultry litter has low amounts of sulfur (0.71%) and up to 90% of sulfur present 
in poultry litter can react with the oxides of calcium produced during the combustion 
process to form Ca-S complexes [153]. As a result, the emission of SOx from poultry 
litter combustion (0.005 g/kg PL) is significantly lower than emissions from coal 
combustion (0.830 g/kg PL) [147,156]. The flue gas from the combustion process also 
had lower concentrations of NOx (0.42 g/kg poultry litter), compared to coal combustion 
(1.1 g/kg poultry litter), but more than the emissions from natural gas combustion (0.34 
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g/kg poultry litter) [156]. However, due to the electricity requirement to operate the FBC 
unit, the total TAP and MEP of the combustion process had 69% and 80% higher 
impacts, respectively, when compared to LPG production and usage, resulting in a net 
negative environmental impact (Figure 6.5).  
 In the improved operational scenario, TAP and MEP were reduced by 74.6% and 
58.3%, respectively, compared to the baseline scenario. As a result, a net environmental 
benefit of 6.1 x 10-5 kg SO2 eq/MJ of energy was seen in TAP, but the increased 
efficiencies were not able to offset the impacts on MEP due to the volatilization of NH3 
from storage and NOx emissions from the combustion process (Figure A.4). Freshwater 
eutrophication potential was 30.7% higher in the baseline scenario compared to the use of 
LPG, but due to the improved efficiencies and a net positive electricity production in the 
improved operational scenario, the FEP associated with the combustion process was 
75.7% lower than the impacts associated with LPG and electricity use from the grid. 
6.3.2.3 Other Environmental Impact categories: 
 The results for the other environmental categories for the baseline scenario 
(Figure A.1) show that the electricity use for plant operation and the material use for the 
FBC unit were the main contributors to all the impacts, except for PMF. Combustion of 
poultry litter in the FBC unit had the highest contribution towards PMF, due to emissions 
of particulate matter < 10 µm, SO2, and NOx. Human toxicity potential was most affected 
by the material use and the start-up diesel use for bringing the FBC to its optimum 
temperature. Ozone depletion potential was also affected by the material use due to the 
use of a fluorocarbon refrigerant in the heat exchanger system, but emissions are 
expected to be negligible during the lifetime of the system due to the airtight enclosure 
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surrounding the heat exchanger system. As expected, steel and aluminum use in the 
construction of the FBC unit had the highest contribution towards MD (89%). When 
compared to the avoided production and use of LPG for heat production, a net 
environmental gain was only observed in six (CCP, ODP, TEP, IRP, NLT, and FD) out 
of the eighteen impact categories. 
 In the improved operational scenario, the material usage in the construction of the 
FBC unit had the highest contribution in nine out of the eighteen impact categories, 
followed by start-up diesel use in four out of the eighteen categories (Figure B.2). The 
reduction in all other environmental impacts due to the improved efficiencies in the 
improved operational scenario ranged from 48 – 98% when compared to the actual 
conditions in the first scenario. Due to the higher electricity production in the improved 
operational scenario, a net environmental gain was observed in fourteen out of the 
eighteen impact categories, indicating the necessity for improved efficiencies for heat and 
electricity production when operating the FBC unit. 
6.3.3 Sensitivity Analysis:  
The effects of changing the electricity input for running the FBC system resulted 
in the highest average (4.8%) change in the impact category values, while the emissions 
from the litter storage had the lowest average change (0.4%) (Table 6.5; Figure 6.6). The 
litter was only stored for two weeks before being utilized for energy generation, leading 
to comparatively lower N2O and NH3 emissions. The 10% change in electrical energy 
input resulted in a 7.9% change in FD due to the use of coal and natural gas for electricity 
production in Maryland. Both the combustion emissions from the FBC process and 
electrical energy input resulted in a 5.3% change in CCP, which was the highest impact 
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out of all the variables tested. The material of construction had the highest impact on 
metal depletion, as expected. Freshwater eutrophication potential was also primarily 
affected (7.9% change) by the material of construction, while MEP was equally impacted 
by the electrical energy input, and the combustion emissions containing nitrogen. As 
previously discussed, the ReCiPe model attributes marine eutrophication to different 
forms of N emissions into the ocean, while freshwater eutrophication is attributed to 
different forms of P. The sensitivity analysis provided support to the notion that improved 
efficiencies for heat and electricity production would lead to a more sustainable process, 




Figure 6.6 Percent change in impact categories upon 10% change in the five variables 




6.4 Land Application Considerations:   
 Even though several studies have been conducted on alternative disposal 
technologies for poultry litter, peer-reviewed articles on LCA of these technologies are 
limited. Billen et al. (2015) and Williams et al. (2016) conducted LCA analyses on 
poultry litter combustion and turkey litter combustion, respectively, while Jeswani et al. 
(2019) conducted an LCA assessment on poultry litter gasification [156,157,166]. All 
authors concluded that combustion and gasification of poultry litter were attractive 
alternatives to land application, especially in areas with areas with high concentration of 
poultry farms. However, it is difficult to ascertain if such alternative waste disposal 
technologies can lead to environmental benefits, if the poultry industry was not as 
concentrated in certain areas [157]. Poultry litter application on land in areas that are 
deficient in nutrients such as N and P would be the preferred mode of disposal, as it can 
offset the use of inorganic fertilizers such as urea and triple superphosphate. In addition, 
PL increases soil organic matter, leading to improvement of both the physical and 
chemical attributes [153].  
 Unmanaged and excessive agronomic utilization of poultry litter can, however, 
result eutrophication of water bodies, spread of pathogens, and GHG emissions. The 
primary pathways for these environmental concerns include leaching losses of soluble P, 
NH4
+, and NO3ˉ to water bodies, emissions of N2O and NOx, and buildup of heavy metals 
into the soil [146]. In addition, ammonia volatilization also results in N losses, especially 
within the first two weeks of land application [167]. According to Meisinger and Jokela 
(2000), ammonia losses from poultry litter can vary, in the range of 20-45% of total 
ammonia nitrogen (TAN), while Wolf et al. (1988) reported a loss of 37% of total N in 
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the form on NH3 when the poultry litter was surface applied [168,169]. However, the 
percent loss decreased to 1 – 8 % of the total N when the litter was incorporated into the 
soil. The factors that determine the loss of ammonia from land application of manure are 
dependent on manure characteristics, application management, soil conditions, and 
environmental factors [168].  
 Leaching losses of soluble P, NH4
+, and NO3ˉ to water bodies also depend on 
several parameters, as described above for NH3 emissions to air. As a result, obtaining 
emission data for land spreading of manure is not straightforward and subject to large 
uncertainties. The other important thing to consider are all the emissions associated with 
the use of inorganic fertilizer that should be subtracted from the emissions associated 
with land application of poultry litter in order to understand its environmental benefits. 
Ammonia emissions associated with inorganic fertilizer use are also dependent on the 
amount and type of fertilizer, soil pH, wind speed and application method, while the N2O 
and NO emissions are dependent on the water filled pore space, among other factors 
[170].  
 Furthermore, the use of poultry litter as a fertilizer also avoids the production of 
N, P, and K fertilizer that have significant environmental impacts in all impact categories. 
While the use of poultry litter ash can be a substitute for phosphorus and potassium 
fertilizers, it cannot offset the environmental burdens associated with inorganic N 
fertilizer production and usage. Due to the all the uncertainties and complications 
associated with the use of poultry litter and poultry litter ash as a fertilizer, it was 
excluded from the impact assessment and the focus of the study was directed towards the 
impacts associated with the combustion process only.  
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 It should be noted that poultry manure ash has several advantages over untreated 
manure due to its value as a P and K fertilizer that is 75% – 90% less bulky which makes 
it easier to transport [57,156]. The absence of nitrogen in the ash prevents harmful 
gaseous emissions of NH3 and N2O, while also allowing for its application separately 
based on only the P needs of the soil, thus reducing potential P run-off that could have 
resulted from the application of the litter on the basis of N requirements for the crop. 
Furthermore, the low percentage of water-soluble inorganic P (1.45%) in the ash 
compared to raw poultry litter (55%) could potentially lead to reduced run-off when used 
as a fertilizer or soil amendment [57]. Codling et al. (2002) showed that even with the 
low concentration of water-soluble P, it was an effective P fertilizer for crops [171]. The 
LCA assessment does not take pathogen destruction into account. Poultry manure may 
cause diseases due to emissions of pathogens into air and water after land application and  
[156,167]. Even though land application of poultry litter has rarely been associated with 
foodborne outbreaks, the combustion process does produce a pathogen-free ash product 
and flue gases due to temperatures in excess of 850 °C inside the furnace. This should be 
taken into consideration when alternative poultry litter management technologies are 
analyzed for sustainability, especially in areas with a high concentration of poultry farms 
[172]. 
6.5 Limitations of the study: 
 As previously mentioned, the study only focused on the FBC combustion process, 
and as such, it is limited in scope as it does not take the implications and emissions 
associated with the land application of the poultry litter and the ash byproduct into 
account. One of the most important results from the analysis was that the use of this 
160 
 
technology by itself can help reduce impacts on climate change potential, but a more 
complete analysis of the impacts on land application would provide a better 
understanding on how the process can affect climate change. It is also important to note 
that the LCA assessment was conducted on a demonstration project that did not function 
as expected. Even though the study incorporated an improved operational scenario, it is 
likely that a fully functional FBC system would result in energy production and 
operational efficiencies that varies from the two scenarios analyzed in this study. 
Currently, poultry litter combustion systems are commercially functioning in Europe and 
the UK, with previous studies discussing its benefits, but LCA studies have disagreed on 
the best way to incorporate the impacts of land application. The study also does not take 
the decommissioning and disposal of the plant into account and recycling the materials 
may significantly reduce impacts in material depletion.  
6.6 Conclusions: 
 The use of poultry litter for energy production in an FBC system can be a 
sustainable alternative means of manure management, but it may only be applicable in 
regions where it is readily available, with restricted land application. The added benefits 
included the production of a dry and odorless ash without volatile N emissions. The ash 
product also had a lower mass than the original litter, which can be transported to a 
region with P deficiency more easily. However, in this study, the FBC system was not 
able to function optimally (lower than expected biomass feed rate, operating hours, and 
energy output/biomass feed ratio), due to differences in poultry litter characteristics, 
varying moisture content, and the increased presence of foreign matter that interfered 
with the combustion process. As a result, a lower than expected total energy output and 
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an overall net negative electricity output was observed. The life cycle assessment of the 
FBC system showed that it is theoretically possible under ideal conditions to obtain net 
environmental gains from poultry litter combustion for heating poultry houses and 
renewable electricity production, especially in the climate change potential category. Due 
to the complications associated with the operation of the FBC system, the avoided use of 
LPG for space heating was able to offset the environmental impacts associated with only 
six out of the eighteen impact categories. In the improved operational scenario, the 
impacts on the environment were significantly lower compared to the first scenario, 
indicating the need for a net positive electrical energy output that can be used for FBC 





7.1 Intellectual Merit and Broader Impacts: 
Chapter 2 evaluated the anaerobic degradability and quantified the methane 
potential and H2S reduction potential of a gummy waste resource when it was co-digested 
with dairy manure. The results of the study showed how increasing the GVW percentage 
as a co-digestion substrate increased CH4 production while significantly decreasing H2S 
production compared to mono-digestion of dairy manure. This research demonstrated the 
effect of co-digestion of a carbon rich substrate, such as GVW, on both CH4 yield and 
H2S concentrations, which has not been shown in previous co-digestion research. In 
addition, the co-digestion study did not focus on single substrates co-digestion, which is 
often the focus of previous research, but instead illuminated the effects of co-digestion 
mixtures that are used in the farm setting on CH4 and H2S production, and the 
degradability of the digested mixture. Even though co-digestion of GVW with dairy 
manure would have provided an estimate on the methane potential of the mixture, it may 
not provide sufficient information for AD practitioners trying to understand the fraction 
of GVW that can be added for maximum benefits. Co-digestion of GVW with dairy 
manure, grease waste, and food waste lowered the H2S yield and maximum H2S 
concentration compared to mono-digestion of dairy manure due to its low sulfur content. 
Co-digestion of industrial byproducts and food waste mixtures in farm-scale biogas 
digesters could provide economic incentives for farmers through tipping fees and 
increased biogas production while redirecting valuable waste products from landfills. The 
results also show how co-digestion tests should be tested for both CH4 and H2S 
production in order to provide beneficial information for researchers and AD 
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practitioners to comply with recommended H2S limits, while receiving tipping fees for 
adding these organic-rich substrates to their AD systems. If co-digestion of a particular 
substrate can reduce the H2S concentration in the biogas while increasing the CH4 
generation, it can potentially lead to increased energy generation and reduced generator 
down-times. Future research should be conducted on organic feedstocks with a high C:S 
ratio to better understand its impact on CH4 and H2S yields. 
Chapter 3 aimed to integrate field data (biogas, CH4 and H2S production, 
electricity generation, scrubber efficiency) from full-scale functioning AD and H2S 
scrubber systems with economics and maintenance time, thus, creating a framework to 
enable better-informed decisions in the future. The results provided 1) long term unbiased 
data on H2S removal efficiency of different scrubbing units, 2) their related capital, 
operational, and maintenance costs, 3) the effect of scrubber management on its 
efficiency, and 4) possible solutions to real world problems faced by farmers with 
anaerobic digesters on their farms. The study especially highlighted the substantial effect 
of scrubber operation and management on its performance, including comparing the 
results to well-managed scrubbers in the US. The H2S scrubber systems that were better 
managed with more time and labor investment compared to the scrubber systems studied 
in this study, resulted in more efficient and consistent scrubbing performance. It is also 
important to note that due to the high levels of H2S in the biogas, the H2S sensors were 
replaced multiple times in the monitoring system, which resulted in gaps in the biogas 
collection period. The costs and technical expertise associated with multiple replacements 
of the sensor may not be feasible for farmers even though an H2S monitoring system is 
essential for ensuring a high-quality biogas output. The corrosiveness of the H2S in the 
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biogas and failure of the equipment over the 2-year study highlights the difficulty of 
quantifying H2S concentrations in un-cleaned biogas due to the damaging levels of H2S. 
Eventually, the high levels of the H2S in the pre-scrubbed gas damaged the equipment 
beyond repair over two years of testing. Future studies should quantify and incorporate 
long-term costs (5+ years) associated with engine overhauls, down-times, repairs, etc. 
undertaken due to H2S related damage to better understand the economic benefits of H2S 
scrubbers. 
Chapters 4 and 5 were important because it investigated the reaction of gaseous 
and dissolved H2S with the biochar surface and the effect of iron as an impregnation 
agent to enhance the H2S adsorption capacity of the biochar. Fe-impregnation was 
observed to significantly increase the H2S adsorption capacity of biochar in a biogas 
scrubbing column, when compared to unmodified biochar. Biochar pH was not found to 
be as important as previously speculated, with the more alkaline biochar performing less 
efficiently. The biochar pH was found to be even less important in the case of Fe-
impregnated biochars, as they can effectively bypass the H2S dissociation step before 
further reaction, thus shifting the adsorption mechanism. The importance of metal oxides 
for the catalytic oxidation of H2S was also highlighted in both unmodified and Fe-
impregnated biochar, as the mineral content by itself may not be sufficient to predict the 
H2S adsorption capability of the biochar. The results of the study also showed that 
biochar can be effective as an in-situ desulfurization agent of biogas under mesophilic 
conditions. The study showed an increasing trend in the percent reduction of H2S as the 
biochar concentrations increased, with no significant biochar particle size effect. Iron-
impregnation resulted in nearly complete H2S removal efficiency compared to 
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approximately 50% H2S removal efficiency for unmodified biochars. Furthermore, iron-
impregnated biochar addition into a digester was significantly more effective than direct 
addition of iron chloride compounds. Even though previous studies have shown that 
biochar can be effective in NH4-N and dissolved P removal in mono-component systems, 
it was not effective in a dairy manure system due to possible competition with other 
species. However, direct addition biochar into a digester for desulfurization was not cost 
competitive in comparison to market available H2S removal technologies at this point of 
time. It is expected that the results of the study would help create a market for biochar to 
as a possible alternative to activated carbon for H2S adsorption from biogas, and as an 
additive for in-situ biogas desulfurization in the future. Future studies should further 
investigate if biochar can help increase CH4 production, while increasing the selectivity 
for H2S to make it more cost competitive. 
 Chapter 6 aimed to provide a quantification of the environmental impacts of 
burning poultry litter for energy generation and utilization. The results showed that 
poultry litter combustion is a waste-to-energy process that can be considered as a viable 
and sustainable means of its disposal, but it may only be applicable in regions where it is 
readily available, with restricted land application. Even though the FBC system was not 
able to function optimally in the study due to differences in poultry litter characteristics, 
varying moisture content, and the increased presence of foreign matter that interfered 
with the combustion process, it is expected that the results would help to frame 
recommendations that can optimize the process and lead to a higher adoption of this 
technology in poultry farming areas with N and P saturated soils. The life cycle 
assessment of the FBC system showed that it is possible to obtain net environmental 
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gains from poultry litter combustion for heating poultry houses and renewable electricity 
production and the anticipated performance of the process would have led to net 
environmental gains in fourteen out of the eighteen impact categories. Future studies 
should incorporate an additional study on the emissions and leaching of nutrients from 
the soil after poultry litter and ash application to better understand the benefits of avoided 
land application of the poultry litter.  
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Appendix A: Nutrient Load Reduction and Emissions after combustion 
Table A.1 Overall nutrient load reductions for all flocks and their respective fractions in the bed ash, fly ash, and total ash 
product. 
Poultry Litter (568 metric tons combusted) 
Nutrient Concentration (%) 
Mass of nutrient (kg/ton poultry 
litter) 
Nitrogen (% N) 2.41 24.1 
Phosphorus (% P2O5) 1.98 19.8 
Potassium (% K2O) 2.40 24.0 
Bed Ash (23.5 metric tons generated) 
Nutrient Concentration (%) Mass of nutrient (kg/ton bed ash) 
Nitrogen (% N) 0 0.0 
Phosphorus (% P2O5) 13.4 134 
Potassium (% K2O) 11.4 114 
Fly Ash (35.8 metric tons generated) 
Nutrient Concentration (%) Mass of nutrient (kg/ton fly ash) 
Nitrogen (% N) 0.2 2 
Nitrogen (% N) 15 150 
Phosphorus (% P2O5) 19.4 194 
Total Ash (59.3 metric tons generated) 
Nutrient Concentration (%) Mass of nutrient (kg/ton ash) 
Nitrogen (% N) 0.1 1 
Phosphorus (% P2O5) 14.4 144 









Table A.2 Emission test results for the FBC system with a heat input of 2.7 MMBtu/hr 






Filterable Particulate Matter 6.3 ± 2.6 2.33 N/A 
Condensable Particulate Matter 163 ± 7.8 60.5 N/A 
Total Particulate Matter 170 ± 5.2 62.8 104 
Nitrogen Oxide 120 ± 42 44.4 136 
Sulfur Oxide 1.4 ± 0.2 0.54 N/A 
Carbon Monoxide 215 ± 69 79.5 N/A 





Appendix B: Life Cycle Assessment Detailed Results 
Table B.3 LCA inventory for combustion of poultry litter 
Functional Unit – 1 MJ of energy produced from poultry litter combustion 
Item Description 
Value per ton 
poultry litter 
Monitoring data Expected Data Units Notes 
Storage 
Emissions 
CH4 Negligible Negligible  Negligible   
Not monitored during 
the study. Moore el 
al., (2011) for N2O 
and NH3 data, 
Reijnders and 
Huijbregts, (2005) for 
negligible CH4. 
Storage for an average 
time period of two 
weeks 
N2O 70 g/ton PL 0.00001288 0.0000098 
kg/M
J 












20 m2 (5m x 4m) for 
38 tons PL storage 
capacity from Google 
Maps. Lifetime 






 1.13% 3.93%   
Data obtained from 16 
months of monitoring 
















9.98 Gj/ton PL 0.1   
kg/M
J 
Data obtained from 16 
months of tests 
conducted using a 
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bomb calorimeter on 
poultry litter samples 




SOx 5 g/ton PL 0.00000092 0.0000007 
kg/M
J 
Data obtained from 
3rd party air emissions 
test conducted in 
April 2018, CO2 
assumed to be 
biogenic and not 
included in the 
assessment. N2O 
emission data from 
Billen et al., (2015) 




3/ton PL 0.104696 0.07966 
m3/M
J 
NOx 419 g/ton PL 0.000077096 0.00005866 
kg/M
J 
N2O 260 g/ton PL 0.00004784 0.0000364 
kg/M
J 









Diesel Start up 8.19 L/ton PL 0.00150696 0.0011466 L/MJ Data obtained from 16 
months of monitoring 
diesel use data FBC 
start up and back up 
heat production 
Diesel Back up 187.4 L/ton PL 0.0344816 0.026236 L/MJ 
Sand 14 kg/ton PL 0.002576 0.00196 
kg/M
J 
Sand for Fluidized 
bed 
Ash Poultry litter Bed Ash 41.4 kg/ton PL 0.0076176 0.005796 
kg/M
J 
Data obtained from 
total amount of bed 
ash and fly ash 
production during the 
study period  
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Poultry litter Fly Ash 63.1 kg/ton PL 0.0116104 0.008834 
kg/M
J 
Data obtained from 
total amount of bed 
ash and fly ash 
production during the 
study period  











TKM for 12 km 
transport and max 240 
km transport to 
Chester county, PA 
Poultry litter K 
content in ash (bed + 
fly) 





Data obtained from 16 
months of bed ash and 
fly ash sample 
collection for PK 
content 
Poultry litter P 
content in ash (bed + 
fly) 









Poultry litter N 
content 
24.1 kg/ton PL 0.0044344 0.003374 
kg/M
J 
Data obtained from 16 
months of poultry 
litter sample 
collection for NPK 
content 
Poultry litter P 
content 
19.8 kg/ton PL 0.0036432 0.002772 
kg/M
J 
Poultry litter K 
content 







Figure B.1 Distribution of environmental impacts of poultry litter combustion in the baseline scenario.  
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Table B.4 Environmental impacts in the baseline scenario 











Functional Unit – 1 MJ of energy 
Climate change kg CO2 eq 5.32E-02 1.43E-02 3.86E-03 2.07E-03 2.64E-05 4.73E-03 
Ozone depletion kg CFC-11 eq 8.84E-11 0.00E+00 1.65E-12 5.89E-11 1.68E-12 1.92E-13 
Terrestrial acidification kg SO2 eq 4.14E-04 4.41E-05 7.87E-05 1.35E-05 1.57E-07 1.17E-05 
Freshwater eutrophication kg P eq 1.89E-06 0.00E+00 6.49E-09 1.49E-06 9.32E-09 0.00E+00 
Marine eutrophication kg N eq 1.19E-05 3.01E-06 2.95E-06 5.34E-07 2.19E-09 4.11E-07 
Human toxicity kg 1,4-DB eq 7.11E-03 0.00E+00 9.89E-06 2.71E-03 1.84E-05 2.68E-03 
Photochemical oxidant 
formation 
kg NMVOC 2.01E-04 8.35E-05 1.18E-07 9.62E-06 6.28E-08 1.29E-05 
Particulate matter formation kg PM10 eq 2.09E-04 1.26E-04 1.03E-05 7.19E-06 4.12E-08 3.51E-06 
Terrestrial ecotoxicity kg 1,4-DB eq 7.90E-07 0.00E+00 3.86E-09 2.78E-07 4.80E-09 3.62E-08 
Freshwater ecotoxicity kg 1,4-DB eq 2.63E-04 0.00E+00 2.96E-07 6.43E-05 3.12E-07 2.16E-05 
Marine ecotoxicity kg 1,4-DB eq 3.50E-04 0.00E+00 2.83E-07 7.04E-05 5.02E-07 2.13E-05 
Ionizing radiation kBq U235 eq 2.99E-04 0.00E+00 2.19E-06 1.40E-04 9.87E-07 0.00E+00 
Agricultural land occupation m2a 8.42E-04 0.00E+00 1.07E-05 1.51E-04 7.41E-07 0.00E+00 
Urban land occupation m2a 7.50E-04 0.00E+00 3.65E-06 4.55E-05 1.07E-06 0.00E+00 
Natural land transformation m2 2.78E-07 0.00E+00 2.14E-09 2.22E-07 6.36E-09 0.00E+00 
Water depletion m3 1.52E-02 0.00E+00 9.87E-05 1.26E-02 2.11E-05 0.00E+00 
Metal depletion kg Fe eq 2.84E-03 0.00E+00 3.36E-06 2.53E-03 9.59E-06 0.00E+00 








Table B.5 Environmental impacts in the improved operational scenario 











Functional Unit – 1 MJ of energy 
Climate change kg CO2 eq 1.79E-02 1.08E-02 2.94E-03 4.36E-04 5.58E-06 3.65E-03 
Ozone depletion kg CFC-11 eq 1.42E-11 0.00E+00 1.26E-12 1.24E-11 3.55E-13 1.48E-13 
Terrestrial acidification kg SO2 eq 1.05E-04 3.35E-05 5.99E-05 2.85E-06 3.32E-08 9.00E-06 
Freshwater eutrophication kg P eq 3.20E-07 0.00E+00 4.94E-09 3.13E-07 1.97E-09 0.00E+00 
Marine eutrophication kg N eq 4.96E-06 2.29E-06 2.25E-06 1.13E-07 4.63E-10 3.17E-07 
Human toxicity kg 1,4-DB eq 2.65E-03 0.00E+00 7.53E-06 5.72E-04 3.89E-06 2.07E-03 
Photochemical oxidant formation kg NMVOC 7.55E-05 6.34E-05 9.01E-08 2.03E-06 1.32E-08 9.93E-06 
Particulate matter formation kg PM10 eq 1.08E-04 9.60E-05 7.86E-06 1.52E-06 8.69E-09 2.71E-06 
Terrestrial ecotoxicity kg 1,4-DB eq 9.06E-08 0.00E+00 2.94E-09 5.87E-08 1.01E-09 2.80E-08 
Freshwater ecotoxicity kg 1,4-DB eq 3.05E-05 0.00E+00 2.25E-07 1.36E-05 6.59E-08 1.67E-05 
Marine ecotoxicity kg 1,4-DB eq 3.16E-05 0.00E+00 2.16E-07 1.49E-05 1.06E-07 1.65E-05 
Ionizing radiation kBq U235 eq 3.14E-05 0.00E+00 1.67E-06 2.95E-05 2.08E-07 0.00E+00 
Agricultural land occupation m2a 4.01E-05 0.00E+00 8.11E-06 3.18E-05 1.56E-07 0.00E+00 
Urban land occupation m2a 1.26E-05 0.00E+00 2.78E-06 9.59E-06 2.25E-07 0.00E+00 
Natural land transformation m2 4.98E-08 0.00E+00 1.63E-09 4.68E-08 1.34E-09 0.00E+00 
Water depletion m3 2.73E-03 0.00E+00 7.51E-05 2.65E-03 4.45E-06 0.00E+00 
Metal depletion kg Fe eq 5.39E-04 0.00E+00 2.56E-06 5.35E-04 2.02E-06 0.00E+00 














In equation (1), x/M is the adsorption capacity (mg/g of sorbent), Q is the inlet flow rate (m3/s), Mw is the molecular weight of 
H2S (g/mol), ω is the weight of biochar in the column (g), Vm is the ideal gas molar volume (L/mol), Ci is the inlet 
concentration (ppm), ts is the saturation time (s), and C(t) is the outlet H2S concentration at time = t. 
 
Calculations for Maple biochar (MB). 
Area under the curve for two points ti = 0 – 240 min; tj = 10 – 300 min = 
1
2
(𝑡𝑗 −  𝑡𝑖){𝐶(𝑡1) + 𝐶(𝑡2)} 
Table C.1 Concentration of H2S in the outlet of the biochar column as a function of time 
Time (t) (sec) H2S (C(t)) (ppm) 
Area under the curve for ti = 0 
– 240 min; tj = 10 – 300 min 
0 0 0 
600 0 0 
1,800 0 22,051 
3,600 24.5 322,319 
5,400 334 316,689 
6,300 370 436,327 
7,200 599 1,238,606 
9,000 777 1,459,115 
10,800 845 1,623,324 
12,600 959 1,750,000 
14,400 985 3,575,067 








(𝑡𝑗 − 𝑡𝑖){𝐶(𝑡1) + 𝐶(𝑡2)} = 10,743,499 
 
Table C.2 Operational parameters for H2S adsorption using a biochar adsorption column 
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